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Metal-organic frameworks (MOFs) are nanoporous materials that have organic 
parts connected to metal nodes constructing a crystalline structures. MOFs are intrinsically 
flexible in nature, however, general practices in computational studies of MOFs assume 
the structure to be rigid during simulations. In this thesis, we focus on the effects of 
framework flexibility in MOFs on their adsorption properties. We first divided the 
flexibility in MOFs into two categories: flexibility with constant volume (ΔV=0) and 
flexibility with volume change (ΔV≠0). We then demonstrated that flexibility with ΔV=0 
in MOFs can affect their adsorption at dilute loadings and multicomponent adsorption 
significantly but have negligible effects on the single component adsorption at high 
loadings. Following this work, we studied MIL-53, a MOF that show the flexibility ΔV≠0 
and concluded that the flexibility with ΔV≠0 can significantly affect even the single 
component adsorption in MOFs.  
In the second half of the thesis, we focused on the adsorption and diffusion 
properties of chemical warfare agents (CWAs) and their simulants in MOFs. We compared 
the Henry constants of two CWAs, sarin and soman, with their simulants to study whether 
the available simulants are accurately able to mimic the CWAs’ adsorption properties. We 
then extended this study to calculate diffusion coefficients of CWAs and simulants. Our 
results showed that dimethyl-methylphosphonate (DMMP) is the best simulant available 
to mimic adsorption and diffusion properties of sarin while dimethyl-
nitrophenylphosphonate (DMNP) is the closest simulant to predit soman’s adsorption 
properties. Finally, we performed a literature meta-analysis to assess the frequency of 
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replicate materials synthesis and found that less than 12% of MOFs have been replicated 
in a published report. The methodology and the findings of this thesis advance the scientific 
knowledge on adsorption and diffusion in nanoporous materials and suggest ways how the 
research community can improve replicability of these materials. 
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CHAPTER 1.  INTRODUCTION 
1.1 Metal-Organic Frameworks 
Over the past 70 years, research into porous materials has resulted in a number of 
applications which have had a direct impact on industrial processes as well as domestic 
life.1 Discovered in the late 1990’s, metal-organic frameworks (MOFs) are relatively new 
compared to traditional porous frameworks like zeolites and activated carbon. MOFs are 
crystalline nanoporous materials consisting of organic linkers connected with inorganic 
clusters. These frameworks have shown their advantages over other porous materials due 
to their high surface area (extending beyond 6000 m2/g), high porosity (up to 90% free 
volume) and thermal stability1–3 in clean energy applications such as gas storage, catalysis, 
drug delivery, membranes, biomedical imaging, sensors etc. The combination of the two 
components of a MOF, the metal center and the organic linker, provides many synthetic 
possibilities compared to other porous materials. While more than 37000 MOFs4 have been 
reported in last 20 years, only 230 zeolites5 have been synthesized since the late 1940’s.  
1.2 Flexibility in MOFs 
The presence of inorganic centers connected with organic linkers introduces 
flexibility in MOFs that makes it complex to study these systems computationally. 
Accurate prediction of MOF properties requires the fundamental understanding of 
flexibility in the frameworks. Structural flexibility in MOFs can cause these framework to 
respond to temperature, pressure, adsorption or other physical stimuli.6,7 For a thorough 
discussion of flexibility in MOFs, a classification of the modes of framework flexibility is 
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required. One widely accepted description of this type was presented by Bousquet et al.8 
and Coudert et al.9 as shown in Figure 1.1. One class of flexibility is characterized by the 
change in unit cell volume (ΔV≠0), e.g. breathing, swelling and subnetwork displacement. 
Breathing modes of flexibility correspond to a drastic change in unit cell volume upon 
guest molecule adsorption/desorption. This is a reversible transition in which characteristic 
distance and angles of the unit cell change and the crystallographic space groups of the two 
or more distinct phases may be different. An example of this kind of flexibility is MIL-
53(M) series.10,11 A swelling mode of flexibility is characterized by a gradual enlargement 
of the MOF unit cell without change in its shape due to guest adsorption. MIL-8812 shows 
a change in volume from 1135 Å3 to 1840 Å3 upon n-butanol adsorption and to 2110 Å3 
after soaking in water. Thermal expansion or shrinking in the absence of guest molecules 
is another flexibility mode related to swelling. Subnetwork displacement is a phenomenon 
specific to systems having individual frameworks not connected to each other by chemical 
bonds. In these frameworks, subnets can drift, relocate or shift in relation to each other. 
For instance, the 2D MOF [Cu(dhbc)2(bipy)] shows a gate-opening/closing after a certain 
threshold pressure of nitrogen, oxygen or methane is applied.13  
Framework flexibility can also occur without change in unit cell volume (ΔV=0). 
Linker rotation, described as a continuous transition where spatial alignment of linker is 
changed around a rotational axis, is an example of this kind of flexibility. Other degrees of 
freedom can also be affected. Recent studies14–16 used molecular simulations to show that 
constant volume flexibility can have a significant impact on adsorption properties of 
MOFs. It is important to note that all MOFs are subject to constant volume flexibility, while 
only a subset of MOFs are affected by flexibility with ΔV≠0. 
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Figure 1.1: Classification of different flexibility modes in MOFs. This figure is taken from 
the work of Schneemann et al.7 Copyright The Royal Society of Chemistry 2014.   
It is obviously preferable that the modes of flexibility just discussed should be 
included when modeling MOFs to quantitatively describe these materials. Said differently, 
calculations based on a rigid structure approximation may not be appropriate for many of 
these materials. In this doctoral thesis, we aim to study the impact of flexibility in MOFs 
on adsorption properties for a range of molecular mixtures at different operating conditions. 
We use quantum mechanical models to obtained energy minimized geometries, molecular 
dynamics (MD) to describe the flexibility in MOFs and Monte Carlo simulations to predict 
their adsorption properties. 
1.3 Chemical Warfare Agents 
Chemical warfare agents (CWAs) comprise a diverse group of extremely hazardous 
materials.17 As potential weapon for mass destruction, CWAs are capable of causing 
catastrophic medical disasters that could overwhelm any healthcare system. CWAs possess 
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different characteristics and are classified into several groups. Nerve agents are considered 
one of the most dangerous category that acquired their name because they affect the 
functioning of the nervous system. The first known nerve agent, Tabun (GA), was developd 
by the German chemist, Gerhard Schrader, in the 1930s during his research in the 
development of new OP insecticides. Following this, a series of nerve agents known as G-
agents, which include sarin (GB) and soman (GD), were developed. The most critical effect 
of nerve agents are paralysis of the respiratory muscles and inhibition of the respiratory 
center which results in immediate death if the concentration of the nerve agent is high. To 
avoid harm, it is crucial to capture these compounds quickly and efficiently from the air 
rather than rely on medical treatment later. In the past couple of decades, extensive research 
has been done to find new materials to capture these compounds effectively. MOFs have 
shown their potential as catalysts to degrade CWAs and as adsorbent materials to capture 
them.18–21 We use molecular simulations to study the adsorption of CWAs in thousands of 
MOFs from CoRE MOF database.22 Further, we extend this work to study diffusion of 
CWAs in selected MOFs to provide insights into the kinetics of these molecules inside 
nanoporous materials.  
1.4 Computational Theory 
1.4.1 Molecular dynamics (MD) 
Molecular dynamics (MD) is a classical simulation method for studying the 
physical movements of atoms and molecules by solving Newton’s equations of motions 
for many-particle system where forces between the particles are often calculated using 
interatomic potentials or molecular force fields.23 The initial state of the system is defined 
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by positions and velocities for each particle in three dimensions. We calculate the force on 
each particle after small time step and update the position and velocity. This process is 
repeated until the system reaches equilibrium, where the average properties of the system 
don’t change with time. We can calculate system properties such as energy, temperature 
and pressure by taking ensemble averages at any moment in time.  
The Lennard-Jones (LJ) potential is a mathematically simple model that 
approximates the interactions between a pair of atoms of molecules24  










]     (1.1) 
where  is the depth of the potential well, σ is the distance at which the interparticle 
potential is zero, and r is the distance between the particles. The corresponding force for 
this potential in x direction would be  
















]    (1.2) 
The most time consuming part of MD simulations is to calculate forces on each 
atom at each time step. To reduce the number of force pairs evaluated, the interaction 
potential between particles is typically truncated at a radial cutoff distance where the force 
decayed sufficiently to not influence the properties of interest. A neighbor list storing a list 
of particles that are within the cutoff is then created for each particle. The pair forces only 
need to be computed for the particles in the neighbor list.23 This neighbor list is rebuilt less 
frequently than every MD step which reduces the computational time significantly.  
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1.4.2 Monte Carlo simulations 
The main idea behind this method is that the results are computed based on repeated 
random sampling and statistical analysis.23,25 MC simulations can be applied to different 
ensembles such as canonical (NVT), isobaric-isothermal (NPT), grand canonical (µVT) 
etc.26 For adsorption calculations, Grand Canonical Monte Carlo (GCMC) simulations are 
used to model grand canonical ensembles (constant µVT), in which MC sampling drives 
the system to reach an equilibrium based on chemical potential at constant volume and 
temperature. The trial moves used in a GCMC simulation are translational, rotational, 
insertion/deletion and swap with another molecule to obtain a new configuration. The 
moves are accepted with a probability, 
 𝑝(𝑜𝑙𝑑 → 𝑛𝑒𝑤) =  min (1, 𝑒−𝛽(𝑈𝑛𝑒𝑤−𝑈𝑜𝑙𝑑))   (1.3)  
where β=1/kBT and U is the energy of the system. Energy of the system is calculated based 
on force fields as described above. In a case where the new configuration has lower energy 
than old configuration, it will be accepted with the probably of 1, otherwise with a 
probability less than 1. If the move is rejected then the old configuration is kept. At 
equilibrium, the number of molecules inside the system don’t change with time which is 
considered the adsorption amount at that temperature and pressure.  
1.4.3 Density functional theory (DFT) 
Density functional theory (DFT) is a quantum mechanical method that 
approximates a solution to the time-dependent many-body Schrödinger equation.27 The 
root of DFT go back to 1920’s when Erwin Schrödinger introduced Schrödinger equation 
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which is the foundation of quantum chemical calculations.28 The Schrödinger equation can 
be solved exactly for simple systems like particles in a box, harmonic oscillator etc. 
However, it becomes more challenging as the system gets more complex. For such systems, 
the time-dependent Schrödinger equation is described as 
 Ĥ = E     (1.4) 
where  is the wavefunction describing the state, Ĥ is Hamiltonian operator and E is the 
energy level of the state. For a many-body system,  describes the spatial positions of all 
the atomic nuclei and electrons in 3D space. Given m nuclei and n electrons, this 
wavefunction has 3(n+m) variables which makes it exponentially difficult to find a solution 
for larger systems. Each proton or neutron in the nucleus is more than 1800 times heavier 
than the electron, so first simplification to solve this equation is to assume that the 
electronic movements are nearly instantaneous compared to changes in nuclear positions. 
The Born-Oppenheimer approximation allows motion of the nuclei and electrons to be 
separated, 
total = electronic × nuclear    (1.5) 












𝑖=1 ]𝑒  =  𝐸𝑒 (1.6) 
where the three terms in the bracket are kinetic energy of each electron, interaction energy 
between each electron and all the nuclei, and the interaction energy between different 
electrons respectively.28  
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Although the electron wave function can be approximated as the product of 
individual wave function of N electrons, the challenging part of solving this equation is the 
fact that an individual electron wave function can’t be obtained without considering others 
as well. Therefore, approximations are required to solve this equation for many body 
problem. DFT provides a solution to this problem based on two theorems which are 
established in 1960’s. The first theorem, which was established by Hohenberg and Kohn, 
postulates that the ground state energy is a unique functional of the electron density. So the 
equation can be solved by determining a function with three variables electron density 
rather than using wave functions with 3N variables. The second theorem states that the true 
electron density is the one minimizing the energy of the overall functional. However, the 
true functional is unknown which motivated Kohn and Sham to convert the Schrödinger 





∇2 +  𝑉(𝑟) + 𝑉𝐻(𝑟) + 𝑉𝑋𝐶(𝑟)]𝑖(𝑟) =  𝜀𝑖(𝑟)𝑖(𝑟)   (1.7) 
where V(r), VH(r) and VXC(r) denote the electron-nuclei interaction potential, Hartree 
potential and exchange-correlation contribution respectively. Still, VXC is unknown and 
must be approximated. Two key approximations used in DFT calculations are the local 
density approximation (LDA) and generalized gradient approximation (GGA). LDA 
utilizes solely the local electron density to determine the unknown VXC. GGA approach 
involves the knowledge of the local electron density and the local electron density gradient 
to define VXC. There are different GGA functionals derived based on different approaches 
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to define the density functional gradient such as Perdew-Wang functional (PW91)29 and 
Perdew-Burke-Ernzerhof (PBE)30 etc.  
One of the limitations of DFT with standard XC functionals is that this method does 
correctly account for long-range interactions. To account for such interactions, dispersion 
corrected DFT functionals e.g. semi-empirical DFT-D31 and non-empirical vdW-DF32,33 
have been proposed. In our calculations, we use PBE functional with DFT-D2 dispersion 
corrections.  
1.5 Dissertation Scope 
The work in this thesis advances the current understanding of the effects of 
flexibility in MOFs on their adsorption properties. We also study the adsorption and 
diffusion of CWAs and simulants in MOFs and compare their properties. Finally, we 
discuss the replicability of MOFs synthesis by literature-analysis and discuss the accuracy 
of a simple power-law model for the frequency of repeat syntheses.  
Chapter 2 presents a detailed and systematic study on the effects of constant volume 
flexibility in 100 randomly selected MOFs for a variety of adsorbates and mixtures. These 
results quantify the significance of the effect of flexibility with ΔV=0 on adsorption at 
dilute and non-dilute loadings and examine whether there is any correlation between the 
effects of flexibility at different loadings. 
Chapter 3 extends the study of flexibility with ΔV=0 to flexibility with ΔV≠0 in 
MIL-53 series for xylene adsorption. This work considers the flexibility effects on single 
component and multi-component adsorption of xylene isomers in MIL-53 and discusses 
whether the flexibility effects are dependent on the metal-center in MIL-53 series. 
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Chapter 4 is motivated by the lack of knowledge regarding the accuracy of 
simulants in predicting the adsorption properties of CWAs in nanoporous materials. This 
chapter explores how useful common simulants of CWAs are at predicting adsorption 
behavior in nanoporous materials. 
Chapter 5 determine diffusion coefficients of CWAs and simulants. We compare 
the diffusion properties to evaluate which simulant could better represent the kinetics of 
CWA diffusion in adsorbents.   
 Chapter 6 assess how often synthesis of a newly reported material is repeated in 
the scientific literature. We also present a simple power law model for the frequency of 
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CHAPTER 2. EFFECT OF CONSTANT VOLUME FLEXIBILITY 
ON ADSORPTION IN METAL-ORGANIC FRAMEWORKS* 
2.1 Introduction 
Metal-organic frameworks (MOFs) have attained significant attention in the 
scientific community due to their diverse applications in gas storage, separations, catalysis, 
sensing, and drug delivery. MOFs have highly tunable chemical and geometrical 
properties, high surface area and a wide range of pore sizes. One interesting aspect of 
MOFs is the flexibility of the frameworks can be responsive to external stimuli such as 
adsorption of guests, temperature, pressure, light irradiation and mechanical forces1–5. 
Structural flexibility in MOFs can be divided into two classes: variations resulting in 
changes in the unit cell volume and changes that occur without variation in the unit cell 
volume, V. Flexibility with ΔV ≠ 0, which includes breathing, swelling and subnetwork 
displacement, has been extensively studied6,7. It is important to note, however, a material 
that goes through significant variations in volume may cause significant operational 
complications in many practical applications. It is therefore not clear from an applied point 
of view whether the subset of MOFs with these properties are desirable. Flexibility that 
occurs with ΔV = 0 includes effects such as thermal vibrations and linker rotation5,6,8–10. 
This second kind of flexibility occurs in all MOFs. It is therefore interesting to understand 
how modes of flexibility with ΔV = 0 affect the properties of MOFs. 
                                                 
* Material in this chapter has been previously published as Agrawal, M; Sholl, D.S. “Effect of Intrinsic 
Flexibility on Adsorption Properties of Metal-Organic Frameworks at Dilute and Nondilute Loadings” ACS 
Appl. Mater. Interfaces 2019, 11, 34, 31060-31068 
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Molecular simulations have become a useful tool for predicting the adsorption 
properties of molecules in diverse collection of MOFs and similar materials. These 
simulations have been used to predict the adsorption properties of a diverse range of 
molecules in large libraries of MOF structures.11–18 In almost all molecular simulations of 
adsorption in MOFs to date, the MOF structure is assumed to be rigid. This assumption is 
made for reasons of both computational efficiency and convenience; performing 
simulations with flexible MOFs is far more computationally intensive and also requires 
specification of more complex force fields (FFs).  Even in simulations that examine 
adsorption in MOFs with breathing modes and related phenomena, a typical approach is to 
perform simulations for a range of distinct rigid crystal structures and then to combine 
these results using appropriate thermodynamic criteria.19,20 
 
Figure 2.1: Comparison of adsorption uptake of various adsorbates in a range of MOFs 
between experiments and GCMC simulated values using rigid crystal structures (●=CO2, 
▼=CH4, ▲=H2 and ■=other adsorbates) from previous literature. Details of all data points 
are given in Appendix 2.A. 
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One common justification for approximating MOFs as rigid during simulations of 
adsorption is that predictions from this approach are often consistent with experiments. We 
illustrate this point in Figure 2.1 with data from rigid structure calculations from 24 studies 
on 20 different MOFs and 9 different molecules.21–43 Details of all data points and the force 
fields (FFs) used in each simulation are given in the Table 2.A.2. Most of these simulations 
used generic FFs such as UFF44, DREIDING45, TraPPE46 and OPLS.47 Simulation results 
that were obtained by directly fitting the underlying FF to the experiments used for 
comparison were excluded from this data set. There are, however, simulation data points 
in Figure 2.1 that were scaled by the authors of the simulation studies based on the 
difference in experimental and theoretical surface area. Park et al.48 compared experimental 
results with simulations using ‘standard’ force fields and rigid crystal structures for CO2 
adsorption for all MOFs for which more than three independent experimental isotherms 
are available. They found that the simulations results for almost all of the materials overlap 
with the experimental data when a 15% relative error is allowed.  
Despite the apparent success of modeling adsorption in MOFs using rigid 
structures, there are several studies that suggest that the flexibility with ΔV = 0 in MOFs 
can significantly affect adsorption. Gee et al.10 used the so-called ‘flexible snapshots’ 
method to show that constant volume flexibility in MIL-47 significantly affects the 
adsorption selectivity of C8 aromatic isomers. This work found that the inclusion of 
framework flexibility in molecular simulations decreased the selectivity of o-xylene to 
ethylbenzene by an order of magnitude relative to simulations using rigid structures. The 
lower selectivity predicted by the more detailed calculations was in reasonable agreement 
with experimental observations. In a recent study, Witman et al.12 studied the effect of 
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flexibility on Xe/Kr selectivity in ~3000 MOFs using a model that predicts a material’s 
Henry regime adsorption and selectivity as a function of flexibility. The results obtained 
from this model were compared with molecular simulations at dilute loadings using the 
flexible snapshots method at 298 K. Witman et al. concluded that the selectivity of Xe/Kr 
mixture can increase or decrease by up to 2 orders of magnitude due to inclusion of ΔV = 
0 framework flexibility. 
These two papers raise the possibility that there in some but not all situations, 
including framework flexibility in MOFs is necessary to achieve a quantitative description 
of adsorption in these materials. A limitation of the work by Witman et al.12 is that it only 
considered adsorption at dilute loadings and that the analytical model introduced by the 
authors only applied to spherical molecules. It is conceivable that the impact of MOF 
flexibility on adsorption is most pronounced at dilute loadings, but it is not possible to test 
this hypothesis with data already available in the literature. This observation motivated us 
to use molecular simulations to systematically study the impact of ΔV = 0 flexibility of 
MOFs on adsorption properties for a range of molecular mixtures at dilute and non-dilute 
loadings. To do so, we simulated the adsorption properties of five mixtures (CO2/CH4, 
ethane/ethene, propane/propene/butane, and Xe/Kr) at dilute and finite loadings in a set of 
100 MOFs randomly chosen from CoRE MOF database.49 Our simulations demonstrate 
that the flexibility can either increase or decrease selectivity for all mixtures for a given 
material at both dilute and finite loadings. Results obtained for Xe/Kr mixtures at dilute 
loadings are in good agreement with the work of Witman et al.12 We quantitatively compare 
the effect of a framework’s flexibility on selectivity depending on the material’s pore size 
and adsorbate diameter and find that molecules with kinetic diameters comparable to the 
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adsorbing material’s pore size are affected the most by framework flexibility. This 
observation is consistent at both dilute and finite loadings. Further, we demonstrate that 
there is no clear correlation for the dependence of selectivity on framework flexibility 
between dilute loadings and finite loadings. This suggests that understanding the overall 
impact of framework flexibility on adsorption in MOFs cannot be achieved in a simple way 
from simulations at dilute loadings. 
2.2 Simulation Methods 
For our calculations, 100 MOF structures were randomly chosen from a subset of the 
CoRE MOF database49 consisting of >2900 different crystal structures for which high 
quality atomic point charges have been reported.50 The REFCODES for these 100 
structures are listed in Table 2.A.3, along with information on the largest cavity diameter 
(LCD), pore limiting diameter (PLD) and BET surface area of each structure. All structures 
in the CoRE MOF database are derived from experimentally reported crystal structures 
assuming that all free solvent was removed from the crystal. Our simulations used FF-
based Monte Carlo (MC) simulations as implemented in RASPA51 to calculate adsorption 
properties of nine different compounds that are divided into four different mixtures, 
CO2/CH4, ethane/ethene, propane/propene/butane and Xe/Kr. We studied the adsorption of 
each adsorbate at non-dilute conditions and each mixture at dilute and non-dilute 
conditions at room temperature.  
Henry constants, KH, were computed with the Widom insertion method.
52 These 
calculations also gave the helium void fraction and heat of adsorption (Eads) in the limit of 
zero loading. We used equilibration and production periods of 1*105 MC cycles; 
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preliminary tests indicated that this was sufficient to get well converged results. To study 
adsorption at non-dilute conditions, Grand Canonical Monte Carlo (GCMC) simulations 
were performed using equilibrium and production periods of 5*105 MC cycles. Each MC 
cycle consisted of a trial insertion, deletion, reinsertion, translation, or rotation with equal 
probability. Our multicomponent GCMC simulations also included an additional MC move 
for exchanging adsorbed molecules to improve convergence. For non-dilute simulations, 
the composition of all mixtures was taken to be equimolar in the bulk phase and external 
pressures were chosen to give moderate to high loadings. Multicomponent simulations 
were performed for CO2/CH4 and ethane/ethene mixtures at a total pressure of 20 bar, for 
Xe/Kr mixtures at 40 bar and for propane/propene/butane mixtures at 10 bar.  
The adsorption selectivity of a mixture at dilute loading is defined without 
approximation as the ratio of the single component Henry constants,53 while the adsorption 








where αi is the selectivity of the i
th component relative to all other components in the 
mixture, qi is the loading of i
th component, and pi is the external partial pressure of the i
th 
component.  
Adsorbate-adsorbate interactions were defined using the TraPPE FF.46 Adsorbate-
MOF interactions were defined using Lorentz-Berthelot mixing rules with Lennard-Jones 
parameters taken from UFF44 for the framework and the TraPPE46 for the adsorbates. 
Coulombic interactions were computed using the Ewald method with a precision of 10-6 
and a 13 Å cutoff. Point charges of atoms in MOFs were previously assigned using the 
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DDEC method50,54 and point charges on atoms in adsorbates were taken from TraPPE.46 
LJ potentials were truncated at a spherical cutoff distance of 13 Å. 
All MOF degrees of freedom were described using modified universal force field 
introduced by Coupry et al. for MOFs known as UFF4MOF55. For calculations using rigid 
structures we first relaxed the MOF structure reported by the CoRE MOF database using 
classical FFs in the LAMMPS package56 and then fixed the atoms in the relaxed structure 
while performing Monte Carlo simulations. To probe the effect of framework flexibility 
on adsorption, we used the flexible snapshot method developed by Gee et al.10. In this 
approach an ensemble of empty MOF structures is generated by simulating the dynamics 
of the MOF and GCMC simulations are then performed independently for each structure 
in the ensemble. This approach is similar to what was used by Witman et al. to study the 
effect of flexibility on Xe/Kr selectivity at dilute loadings.12 This method includes effects 
associated with ΔV = 0 flexibility in the MOFs (e.g. variations in MOF coordinates due to 
thermal fluctuations), but it cannot give information on possible aspects of MOF flexibility 
that arise due to coupling with adsorbate degrees of freedom. We performed NVT MD 
simulations after structure relaxation using LAMMPS at 300 K to account for the flexibility 
without volume change in the selected MOFs. The temperature in these simulations was 
controlled using Nosé-Hoover thermostat with decay period of 0.1 ps. MD simulations 
were performed with a time step of 1.0 fs for an equilibration period of 500 ps and 
production period of 1 ns. The computational expense of the flexible snapshot method is 
dominated by the number of distinct snapshots are used, since an independent GCMC 
simulation must be performed for every snapshot. It is therefore important to select 
snapshots from structures that are uncorrelated. To this end, snapshots from our MD 
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simulations were taken every 100 ps from the production period for a total of 10 snapshots. 
Adsorption properties of flexible materials were described using data averaged over these 
10 snapshots. It is also possible to generate MOF snapshots using ab initio MD, which has 
the advantage of not requiring a FF, but this approach is far more computationally 
intensive.57,58 
2.3 Results and Discussions 
2.3.1 Effect of flexibility in MOFs on single component adsorption at non-dilute 
loadings 
We first consider single component adsorption in MOFs at high pressures. As 
shown in Figure 2.1, previous literature suggests that simulations using rigid structures are 
often able to predict single component adsorption in MOFs. To explicitly test the role of 
the rigid structure approximation, we performed single component adsorption calculations 
for CO2, CH4, ethane, ethene, propane, propene, butane, Xe and Kr at 20 bar, 20 bar, 20 
bar, 20 bar, 10 bar, 10 bar, 10 bar, 40 bar and 40 bar respectively. These pressures were 
chosen to give moderate to high loadings at 298 K. The rigid and flexible single component 
adsorption uptakes (qr and qf) of these 9 adsorbates in 100 MOFs and a histogram of their 
ratio are shown in Figure 2.2. Although including flexibility can influence the adsorption 
uptake, this effect is not strong. All of the examples we considered show a difference of 
less than 30% between the rigid and flexible calculations, and the average absolute error 
between the two sets of calculations is 6.2%. The impact of flexibility is reduced in MOFs 




Figure 2.2: (a) Parity plot of single component adsorbed amounts, (b) histogram of the 
ratio of single component adsorbed amounts, using rigid (qr) and flexible (qf) simulations, 
for 9 adsorbates in 100 MOFs at high pressures (CO2, CH4, ethane and ethene: 20 bar each, 
Xe and Kr: 40 bar each, propane, propene and butane: 10 bar each). The data points in the 
plot (a) are color coded based on the LCD of each MOF. 
It is important to consider whether these results are consistent with the studies 
discussed above that showed strong effects due to including framework flexibility.10,12 The 
work of Gee at al.10 and Witman et al.12 examined different adsorption properties than the 
high pressure single component results shown in Figure 2.2. This hints that different kinds 
of adsorption properties can have different sensitivity to framework flexibility.  An 
example is the work of Gee et al., which showed36 that calculations using rigid structures 
approximation gave useful results for single component adsorption isotherms of C8 
aromatics in MIL-47 but that simulations with the same FFs do not accurately predict the 
selectivity of C8 aromatic mixtures.
10 To examine this issue further, we studied the effect 
of flexibility on Henry constants (that is, adsorption at dilute loadings) and mixture 




2.3.2 Effect of flexibility in MOFs on adsorption properties at dilute loadings 
 
Figure 2.3: Histogram of the ratio of room temperature (a) Henry constants of 9 adsorbates 
and (b) selectivity of 4 mixtures in 100 MOFs in simulations using flexible and rigid 
simulations. Mean µ and standard deviation σ are shown for each data set.  
In the limit of dilute adsorption, the Henry’s constant characterizes adsorption 
affinity for both pure components and adsorbed mixtures. We calculated the Henry’s 
constants of all 9 adsorbates in the 100 MOFs listed in Table 2.A.3 using both flexible 
(KH,f) and rigid simulations (KH,r). Figure 2.3a shows the ratios of the resulting Henry 
constants. If adsorption in a MOF was completely unaffected by flexibility, the logarithmic 
ratio shown in Figure 2.3a would be zero. Figure 2.3a shows, however, that framework 
flexibility can change the Henry’s constants by as much as two orders of magnitude. Out 
of 900 data points in the histogram, 319 MOF-adsorbate pairs have |log(KH,f/KH,r)| < 0.1, 
which means that change in Henry constants due to flexibility is less than ~25%. 413 pairs 
have 0.1 < |log(KH,f/KH,r)| < 1, meaning the change in Henry constants due to flexibility is 
between a factor of 1.25 and 10, and 72 pairs have 1 < |log(KH,f/KH,r)| < 2. There are 42 
MOF-adsorbate pairs for which |log(KH,f/KH,r)| > 4, representing cases where flexibility has 
an enormous effect on adsorption. In most of these extreme cases, the MOFs have pore 
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sizes very similar to the adsorbing molecule’s diameter. Figure 2.A.1 shows the histogram 
of the ratio of KH,f and KH,r for each adsorbate with the standard deviations individually. 
Figure 2.A.1 shows that the standard deviations are consistently higher for the larger 
molecules among the 9 adsorbates, indicating that flexibility typically has more significant 
effects on larger molecules.  
Figure 2.3a makes it clear that in at least a fraction of MOFs, framework flexibility 
strongly influences adsorption of individual molecules at dilute loadings. However, it 
might be expected (or perhaps hoped) that these effects might partially cancel when the 
separation of a mixture is studied if the changes in KH among different adsorbates are 
correlated. Figure 2.3b shows the impact of framework flexibility at dilute loading for the 
selectivity for CO2/CH4, ethane/ethene, propane/propene/butane and Xe,/Kr mixtures in 
each MOF. Although the impact of flexibility on selectivity is often less than for the 
individual adsorbed amounts, there are still plentiful examples where the effect is not 
negligible. 30% of the MOF-adsorbate pairs show a change in Henry constants less than 
25% due to flexibility, but almost 45% of the MOF-mixture pairs show a similar low 
change in selectivity. The Henry’s constants in 46% of the MOF-adsorbate pairs changed 
by more than a factor of 2 (|log(KH,f/KH,r)|>0.3) while the selectivity in 36% of the MOF-
mixture pairs changed by more than the same factor. We examine this situation in more 
detail in Figure 2.4 by showing the impact of flexibility on mixture selectivity for the four 
different mixtures. The regions shaded in light-blue in Figure 2.4 indicate cases where the 
rigid and flexible simulations make qualitatively different predictions for which molecule 
in the mixture is favorably adsorbed. This occurs more commonly in examples where the 
overall selectivities are moderate (e.g. ethane/ethene) than when typical selectivities are 
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higher (e.g. CO2/CH4). For CO2/CH4 mixtures, selectivities as high as 10
4 are predicted 
and the effect of flexibility gets stronger (on average) as the selectivity increases.  
 
Figure 2.4: Dilute loading mixture selectivities at room temperature in 100 MOFs 
calculated using flexible simulations (vertical axes) and rigid simulations (horizontal axes) 
for (a) CO2/CH4, (b) ethane/ethene, (c) Xe/Kr, and (d) propane/propene/butane. The data 
points are color coded based on the LCD of each MOF.  
Figure 2.2 and Figure 2.4 hints that the MOFs whose properties are most strongly 
affected by their flexibility have diameters below 6 Å. To probe this further, we show the 
ratios of Henry’s constants as a function of Δd, the difference between the adsorbate’s 
kinetic diameter and the MOF’s in Figure 2.5. The kinetic diameter of a molecule is not a 
rigorously defined quantity, but it is a useful proxy for molecular size (see Table 2.A.1). 
In MOFs whose cavities are much larger than the adsorbing molecule, the effects of 
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flexibility on adsorption are typically small except for CO2, which may be associated with 
the observation that this is the only charged molecule we simulated. To further explore this 
issue, we calculated the Henry constants of CO2 while turning off electrostatic interactions 
of the molecule with the framework and found that these (unphysical) not-charged CO2 
molecules show behavior consistent with other not-charged molecules (see Figure 2.A.2). 
These observations indicate that flexibility can have significant effects even for some 
MOFs that have much larger LCDs than the adsorbate’s kinetic diameter when electrostatic 
interactions are important. Figure 2.5 has some data points for which Δd < 0, which might 
superficially suggest that molecules cannot adsorb at all. To avoid being misled by 
examples in which adsorption is negligible, we excluded from Figure 2.5 any examples 
for which the simulated adsorbed loading was less than 0.5 mmol/g at high pressures. 
Correlations between our simulated Henry constants with the MOF’s LCDs and Δd are 
shown in Figure 2.A.3 and Figure 2.A.4. We performed similar calculations for heats of 
adsorption of all adsorbates and found that values of Henry constants and heats of 
adsorption are strongly correlated with each other calculated using both rigid and flexible 
calculations (see Figure 2.A.5). This observation is consistent with one of previous studies 
on adsorption properties of CWAs in MOFs11 which indicates that flexibility effects on 
heat of adsorption would be similar to its effects on Henry constants. Further, the effect of 
flexibility on the heats of adsorption are described in Figure 2.A.6 and Figure 2.A.7 which 
support our argument. 
It is clear from the discussion above that flexibility in a MOF can significantly 
affect its adsorption properties at dilute loadings. MOFs that have LCDs comparable to the 
kinetic diameters of the adsorbates of interest have the largest effects of flexibility on their 
 27 
adsorption properties. These conclusions are entirely consistent with the previous work by 
Witman et al.12 for Xe/Kr mixtures at dilute loadings. 
 
Figure 2.5: Ratio of Henry’s constants (KH,f/KH,r) in simulations with flexible and rigid 
MOFs as a function of Δd , the difference between the MOF’s LCD and the adsorbate’s 
kinetic diameter.  
2.3.3 Effect of flexibility in MOFs on multicomponent adsorption at high loadings 
We now consider adsorption selectivity at non-dilute loadings. For non-dilute 
loadings, we performed multicomponent GCMC simulations to obtain adsorption 
selectivities for each mixture. In these calculations all bulk mixtures are equimolar and 
pressures were chosen to give moderate (although not necessarily saturated) pore loadings. 
Figure 2.6 shows the impact of flexibility on selectivity at non-dilute loadings. About 50% 
of the MOF-adsorbate pairs show a change in selectivity less than 25% due to flexibility at 
non-dilute loadings, similar to the 45% of MOF-mixture pairs at dilute loadings. The 
selectivity in 27% of cases we considered changed by more than a factor of 2 
(|log(Sf/Sr)|>0.3) at non-dilute loadings, compared to 35% at dilute loadings. As with the 
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results for dilute conditions, there are multiple examples at non-dilute conditions for which 
the identity of the species that is selectively adsorbed is changed when flexibility is 
included (shown by the shaded regions in Figure 2.A.8). As for dilute loadings, MOFs that 
have LCDs comparable to the kinetic diameters of the adsorbates in the mixture are affected 
the most by flexibility (see Figure 2.A.9).  
 
Figure 2.6: Histogram of the ratio of flexible and rigid room temperature selectivity at 
non-dilute loadings of 4 mixtures of CO2/CH4 at Ptotal=20 bar, ethane/ethene at Ptotal=20 
bar, Xe/Kr at Ptotal=40 bar, and propane/(propene + butane) at Ptotal=10 bar in 100 MOFs. 
Mean µ and standard deviation σ are shown for each data set. 
2.3.4 Comparison of the effect of flexibility in MOFs on different adsorption properties 
The standard deviations for the ratio of various adsorption properties in rigid and 
flexible MOFs are summarized in Table 2.1. Our results show that single component 
adsorption uptakes in the dilute limit (i.e. Henry’s constants) are far more sensitive to the 
inclusion of framework flexibility than adsorption uptake at moderate and high loadings. 
Adsorption selectivity is more sensitive to the inclusion of flexibility than single 
component loadings at non-dilute conditions, but there is not a significant difference 
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between the sensitivity of adsorption selectivities at dilute and non-dilute conditions. 
Interestingly, these results imply that on average the effects of framework flexibility tend 
to partially cancel out between different species at dilute conditions but under non-dilute 
conditions adsorption selectivity is more strongly impacted by flexibility than the 
individual loadings.  
Table 2.1: Standard deviations of the logarithmic ratio of adsorption properties using 
flexible and rigid simulations for Henry’s constants, KH, adsorption selectivities, S, and 
adsorbed amounts, q.  
 All MOFs MOFs with LCD < 6Å 
Std(log10(KH,f/KH,r)) at dilute loading 1.11 1.58 
Std(log10(Sf/Sr)) at dilute loading 0.54 0.69 
Std(log10(Sf/Sr))  at non-dilute loadings 0.57 0.71 
Std(log10(qf/qr)) non-dilute loadings 0.06 0.08 
With the exception of the single-component loadings at non-dilute loadings, all of 
the standard deviations listed in Table 2.1 correspond to effects that are large relative to 
usual thinking about the precision of computational predictions for adsorption in 
nanoporous materials. If these standard deviations are used to define an interval estimate, 
then a mixture selectivity for a flexible structure can be expected to lie within [0.27Sr, 
3.7Sr], where Sr is the result from a rigid material. This interval estimate is wider if attention 
is restricted to molecule/MOF pairs where the adsorbing molecule is similar in size to the 
MOF’s pores. If experimental data was reported with uncertainties that are similar in range 
it is not clear that such data would be viewed as useful. This observation suggests that the 
impact of framework flexibility on adsorption selectivity in nanoporous materials may have 
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been underappreciated and may require more careful consideration in the future. The 
situation for understanding single component adsorption is perhaps less dramatic. The 
interval estimate for qf implied by Table 2.1 is [0.87qr, 1.15qr].  
From a computational point of view, simulations at dilute loading are much less 
demanding than simulations at non-dilute loadings. This observation has been used by 
Tang et al. to develop methods that predict complete isotherms based solely on dilute 
loading simulations and textural information about the adsorbing material.59 In our 
calculations, a similar percentage of MOF-adsorbate pairs show change in selectivity due 
to flexibility at dilute and non-dilute conditions. An obvious question that emerges is 
whether it is possible to easily predict the effect of flexibility at non-dilute loadings from 
simulations at dilute conditions. To answer this question, we compared the ratio of rigid 
and flexible mixture selectivities for both dilute and non-dilute conditions in Figure 2.7. 
Although the variance in the relative impact of flexibility on selectivity is not significantly 
different between the two situations, there is not a clear correlation between the effect of 
flexibility at dilute loadings and non-dilute loadings. More specifically, the Pearson 
product-moment correlation coefficient60 is 0.66, 0.83, 0.93 and 0.75 for CO2/CH4, 
ethane/ethene, Kr/Xe and propane/(propene+butane) mixtures, respectively. Further detail 
is provided for individual mixtures in Figure 2.A.10. The effect of flexibility at dilute and 
non-dilute conditions is the least correlated for CO2/CH4 mixtures and it is the most 
correlated for Kr/Xe mixtures. This hints that the approximate model for spherical species 
at dilute loadings developed by Witman et al.12 may be of limited applicability in predicting 
the sensitivity to flexibility in more complex adsorbed mixtures. 
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Figure 2.7: Ratio of room temperature flexible and rigid selectivities (Sf/Sr) at non-dilute 
conditions and dilute conditions for 100 MOFs. Data points are color-coded according to 
the MOF’s LCD.  
We have established that effects of flexibility on adsorption selectivity at dilute 
loadings and non-dilute loadings are similar in magnitude but are not always correlated 
with each other. To better understand the impact of loading, we studied the effect of 
flexibility on selectivity of equimolar Xe/Kr and CO2/CH4 mixtures at different total 
pressures/loadings in the range of 1 bar to 40 bar. Figure 2.A.11 compares Sf/Sr at different 
pressures and shows that the mean and standard deviations at all pressures are similar for 
both mixtures. Figure 2.8 shows the Pearson product-moment correlation coefficients 
between Sf/Sr at different pressures for CO2/CH4 and Xe/Kr mixtures. For CO2/CH4 
mixture (Figure 2.8a), the correlation coefficients between Sf/Sr at different pressures are 
between 0.65 and 0.83, which indicates that even though the means and variances of Sf/Sr 
are similar the results at one pressure are of limited value to predict the effect of flexibility 
at another pressure. As might be expected, the correlation coefficients are higher for the 
pressures that are closer to each other. For Xe/Kr mixtures (Figure 2.8b) the correlation 
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coefficients at all conditions are above 0.9. This suggests that the mathematical model for 
spherical species at dilute loadings developed by Witman et al.12 might be useful for 
predicting flexibility effects at non-dilute conditions for this simple mixture. 
 
Figure 2.8: Correlation coefficients between Sf/Sr at different loading conditions for (a) 
CO2/CH4, (b) Xe/Kr mixtures. Both mixtures are equimolar, and x and y axis in the plot 
show the total pressure. 
2.4 Summary 
In this chapter, we have used molecular simulations to probe the role of framework 
vibrations on the adsorption properties of MOFs. The effects we examined are relevant to 
all MOFs, an observation emphasized by our choice to study only flexibility associated 
with no volume change. The sizeable literature that exists modeling molecular adsorption 
in MOFs almost uniformly assumes that these flexibility effects can be neglected, an 
assumption which, if accurate, greatly improves the numerical efficiency of simulating 
adsorption. We used a “flexible snapshot” approach in which adsorption in multiple 
realizations of a flexible MOF are separately simulated as rigid structures. This approach 
is computationally efficient, but it does not account for effects due to deformation or 
flexibility of the MOF induced by adsorbed species. It seems plausible, however, that if 
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the effects of flexibility detected by this method are small that the impact of further 
adsorbate/MOF coupling is also small in many cases. We presented results for multiple 
adsorbing molecules and adsorbing mixtures in 100 MOFs at both dilute and non-dilute 
loadings, allowing us to systematically examine several distinct regimes. 
A key outcome from our calculations is that the importance of framework flexibility 
on adsorption in MOFs varies considerably depending on the specific aspect of adsorption 
of interest. For single component adsorption, the impact of flexibility is much more 
pronounced in the dilute adsorption limit (that is, for Henry’s constants), than it is at non-
dilute loadings. In mixture adsorption, the selectivity of adsorption is considering more 
sensitive to flexibility than the uptake of individual components, an observation that holds 
at both dilute and non-dilute loadings. These results are fully consistent with previous 
simulation studies that examined a much smaller range of situations.10,12  
Our results show that MOFs that have pore sizes comparable to the kinetic diameters 
of adsorbing molecules are the most affected by framework flexibility. For MOFs that have 
LCDs less than 6 Å, flexibility affects the Henry constants of the molecules we considered 
by an average factor of 33. For the same MOFs, flexibility affects the selectivity at dilute 
and non-dilute by an average factor of 3.5. For about 5% of the examples we considered, 
including flexibility reversed the predicted selectivity for mixtures. Moreover, we found 
that the effect of flexibility at dilute loadings does not correlate in a simple way with the 
effects at non-dilute loadings. 
 Overall, our results indicate that appropriate consideration of framework flexibility 
may be important in any effort to make quantitative predictions about molecular adsorption 
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in MOFs. The snapshot-based approach we have used provides a relatively straightforward 
means to estimate these effects, albeit one that is 5-10 times more computationally 
expensive that standard simulation methods based on rigid crystal structures.  
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APPENDEX 2.A. SUPPORTING INFORMATION FOR CHAPTER 2 




CO2 3.76 https://en.wikipedia.org/wiki/Kinetic_diameter  
methane 3.8 wikipedia 
ethane 4.443 10.1021/ja305663k 
ethene 4.163 10.1021/ja305663k 
propane 4.3 wikipedia 
propene 4.5 wikipedia 
butane 4.3 FuelChemistryDivisionPreprints2003-48(1)-
436  
krypton 3.6 wikipedia 
xenon 3.96 wikipedia 
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Table 2.A.2: Experimental adsorption uptakea for MOFs compared with GCMC simulations using rigid structure approximation 






(FF) - LJ  
FF - Coulombic Scaling 
Factor 
Bio-MOF-1121 CO2 77 4 4 UFF CHelpG 
Scheme 
1.0 
Bio-MOF-1121 H2 77 1.6 1.6 1.0 
MIL-4722 CO2 298 10.8 10.4 Derived DFT 1.0 
MIL-4733 CO2 303 10.3 10.4 Adapted Adapted 1.0 
MIL-4733 CH4 303 7.2 7.0 1.0 










DFT derived < 1.0 
ZIF-838 CH4 303 5 5.1 < 1.0 
ZIF-7638 CO2 303 10 14 < 1.0 
ZIF-7638 CH4 303 5 5.1 < 1.0 






Adapted Adapted 1.0 


















Derived Derived 1.0 




















Table 2.A.2 continued… 




























































UiO-66(Ti) 26 CO2 273 4.1 4.2 1.0 









DFT derived LoProp method 1.0 





Cu-TDPAT28 CH4 298 5.6 5.8 1.0 






























TraPPE, UFF TraPPE, UFF 1.0 
soc-MOF61 H2 78 2.4 2.5 OPLS-AA DFT fitted 1.0 
MIL-10230 H2 77 10 11 UFF UFF 1.0 
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Table 2.A.2 continued… 















IRMOF-831 H2 77 13 15 1.0 
IRMOF-1831 H2 77 8 8 1.0 
MIL-100 
(Cr)34  















































DFT derived DFT derived 0.8 
aUptake at the highest pressure in each isotherm is taken.  
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Table 2.A.3: The REFCODES for 100 MOFs selected from CoRE MOF with their largest 
cavity diameter (LCD), pore limiting diameter (PLD) and BET surface area 
MOF REFCODE LCD, Å PLD, Å Surface Area, m2/g 
ABUWOJ 5.07969 4.03039 2266.21 
ACOLIP 4.91034 3.57647 1794.37 
AGARUW 6.77693 6.25183 1575.94 
AHOKIR01 4.30721 3.46838 1425.49 
AMILUE 11.39418 11.07263 1423.33 
AMIMEP 11.21563 10.87494 1436.07 
AMUCOB 4.03894 3.31743 350.786 
ANUGIA 13.85309 6.75838 2379.55 
APEBED 4.58202 3.62787 996.143 
AROFET 8.28593 5.15676 2410.52 
ATOXEN 4.55968 3.64615 879.243 
AVAQIX 5.44587 3.64311 1675.2 
AVIMOI 5.73292 4.38571 1557.93 
BAEDTA01 5.34617 4.27166 484.141 
BALMUW01 3.18746 2.61191 256.235 
BALMUW 3.22163 2.73038 261.241 
BARZAW 7.73839 2.55686 612.145 
BENXUP 4.10218 3.42336 1294.9 
BERGAI 5.28761 2.67572 521.11 
BIBBUL 3.85878 3.31702 531.391 
BOJCIN 5.54889 5.25047 894.187 
BONWAD 3.83514 2.72512 238.642 
BONWIL 3.70731 2.93141 456.344 
BOWQAG 3.49003 3.13948 538.431 
BUVXOG 6.82532 5.20994 909.883 
CATART03 3.52552 2.45245 128.65 
CEGFAW 4.76954 3.53933 1187.25 
CICYIX 3.23853 2.71886 612.32 
CIGYAU 3.87967 2.66619 356.54 
COGWEB 6.3699 5.6966 2242.6 
CUHPUR 7.61025 5.84126 2363.86 
CUNWEO 7.09668 6.48549 1355.76 
CUNXIS10 4.73091 2.77205 214.235 
CUNXIS 4.73091 2.77205 421.652 
CUTKOS 5.45963 4.13818 1251.22 
CUYHIO 3.56239 3.1474 514.597 
DAGDIZ 6.53637 3.58733 1643.14 
DAJHUS 4.35025 3.20599 809.526 
DEGJIK 4.49857 3.8442 1007.41 
DEYLUQ 7.28064 4.66536 1212.64 
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Table 2.A.3 continued… 
DEYVUA 5.3557 4.43475 2946.03 
DIDDOK 9.60031 8.17399 2701.21 
DOGZIJ 5.26678 3.36062 1138.59 
DOQGUM 3.55189 3.16205 667.701 
ECIWUJ 3.25413 2.62453 352.21 
ECODEG 5.33632 3.54871 1636.26 
EDADIX 4.63332 3.88728 1709.25 
EDUSIF 15.05124 7.91583 2198.06 
EKOPIE 6.61542 5.14354 2334.84 
EKOPOK 7.61675 7.30447 1614.25 
EMITUQ 7.79889 5.62107 1972.46 
ESEVIH 6.88268 6.30555 1478.22 
EZABEN 5.22809 3.75233 1953.26 
EZUCIM 5.27092 4.42324 2346.32 
FAKLOU 9.12795 8.03305 1832.96 
FAPTIB 7.34478 4.33247 2094.15 
FAPTOH 7.60793 4.15774 2149.32 
FECWOB01 4.17085 3.04516 1007.59 
FECZAQ 8.50021 5.35603 2504.58 
FERHAN 10.23981 6.40536 1918.96 
FEWGUL 4.38967 3.93713 905.699 
FEZREJ 6.80795 5.29768 2358.08 
FIJCUX01 7.34002 6.13055 1828.22 
FIJCUX 7.05898 5.83044 1853.72 
FIPWOS 5.20561 3.82141 1264.09 
FIPXEJ 4.43579 3.68809 1075.83 
FIRVEH 4.11749 3.26577 1264.26 
FOHCIP 4.9595 4.13642 1807.52 
FUNBAS 6.30412 4.59254 1643.51 
FUNBIA 7.93212 6.3165 1683 
FUNBOG 12.59077 11.01228 2168.87 
FUNCAT 9.48773 8.77545 1672.98 
FUNCEX 13.21557 12.47689 2082.66 
GACQAE 8.56972 8.26373 2215.21 
GALCED 7.33377 5.39043 1499.96 
GAXWEJ 4.40485 2.71207 521.22 
GAYFUJ 5.68191 5.17685 2350.07 
GIDKOU 4.78674 3.41448 1192.28 
GIHBII 4.5778 2.7831 265.23 
GIMSIG 8.71631 5.7057 1762.11 
GINLIA 6.39385 4.60431 2573.96 
GITWIQ 5.04878 3.98781 1279.85 
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Table 2.A.3 continued… 
GIZJOP 5.3179 2.78115 368.541 
GOMRAC 5.32693 3.3664 1162.6 
GOMREG 5.3838 3.6396 1194.28 
GULPIN 4.24475 3.50387 1025.04 
GUWDUY 6.18049 4.11372 2181.37 
GUXLIU 3.7664 2.40014 754.235 
GUYLUI01 4.78396 3.88146 711.355 
GUYLUI 4.74374 3.84472 688.938 
HABRIN 3.86703 2.43469 254.652 
HAFQUC 6.71368 5.31482 2175.23 
HAKWUM 3.50559 2.63697 452.327 
HAMJOW 5.97637 5.66826 2629.78 
HEGJUZ 6.22529 4.73915 1650.42 
HICVUM 5.70734 4.18424 1907.59 
HIFTOG01 15.08334 7.94198 2221.35 
HIFTOG02 7.88297 4.15104 2457.59 
HIFTOG 7.95891 4.14066 2427.59 
HIFVOI 9.00136 6.57223 2472.67 
 
Figure 2.A.1: Histograms of the ratio of Henry Coefficients of individual adsorbate at 
dilute loading calculated using flexible simulations to the rigid structure simulations. Mean 
and standard deviation of each distribution is reported in the respective plot. 
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Figure 2.A.2: Ratio of Henry constants (KH,f/KH,r) in simulations with flexible and rigid 
MOFs as a function of Δd , the difference between the MOF’s LCD and the adsorbate’s 




Figure 2.A.3: Parity plot between rigid and flexible Henry constants for 9 adsorbates in 
100 MOFs. The data points are color coded based on MOFs LCDs. 
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Figure 2.A.4: Correlation between Δd , the difference between the MOF’s LCD and the 
adsorbate’s kinetic diameter and (a) rigid Henry constants, (b) flexible Henry constants.  
 
Figure 2.A.5: Correlation between Henry constants (KH) and heat of adsorption (ΔH) for 
all adsorbates using (a) rigid simulations, (b) flexible simulations 
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Figure 2.A.6: Histograms of the difference in heat of adsorption (ΔHf - ΔH,r) at dilute 
loading calculated using flexible simulations and the rigid structure simulations. Mean and 
standard deviation of the distribution is reported in the plot. 
 
Figure 2.A.7: Difference in heat of adsorption (ΔHf - ΔH,r) in simulations with flexible 
and rigid MOFs as a function of Δd , the difference between the MOF’s LCD and the 
adsorbate’s kinetic diameter, for CO2 adsorbate with (blue) and without (orange) 
electrostatic interactions.  
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Figure 2.A.8: Comparison of room temperature selectivities calculated using rigid 
structure and flexible simulations at non-dilute loading for mixtures of (a) CO2/CH4 at 
Ptotal=20 bar, (b) ethane/ethene at Ptotal=20 bar, (c) Xe/Kr at Ptotal=40 bar, and (d) 
propane/(propene + butane) at Ptotal=10 bar. All bulk mixtures are equimolar. The data 
points are color coded based on MOF’s LCD. 
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Figure 2.A.9: Ratio of selectivity of mixtures calculated using flexible simulations to rigid 
simulations at non-dilute loadings with MOFs largest cavity diameters (LCDs) for all four 
mixtures. 
 
Figure 2.A.10: Ratio of flexible and rigid selectivity at non-dilute conditions vs dilute 
conditions for (a) CO2/CH4, (b) ethane/ethene, (c) Xe/Kr, and (d) 
propane/(propene+butane). The data points are color coded based on MOF’s LCD. 
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Figure 2.A.11: Ratio of flexible and rigid selectivity at different pressures/loadings for (a) 
CO2/CH4, (b) Kr/Xe mixtures. All the mixtures are equimolar at the specified total 
pressures in the plot.  
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CHAPTER 3. EFFECT OF BREATHING IN MIL-53 ON 
ADSORPTION OF C8 AROMATICS† 
3.1 Introduction 
In chapter 2, we discussed the effects of constant volume flexibility on adsorption of 
various adsorbates and mixtures in a large set of MOFs. Flexibility associated with volume 
changes, e.g. breathing are harder to take into account in computational studies and those 
studies have not been be performed on a large scale. However, to understand the effect of 
flexibility with volume changes, we performed a combined experimental and 
computational study on a breathing MOF MIL-53 for C8 aromatics adsorption. 
C8 aromatics are important raw materials for a variety of chemical processes
1–3. 
Xylene isomer product streams are obtained from processes such as toluene 
disproportionation, gasoline pyrolysis or catalytic reforming of naphtha, and consist of four 
isomers: p-xylene (pX), m-xylene (mX), o-xylene (oX), and ethylbenzene (EB). In purified 
form, all these components have commercial value as feedstocks.4 pX is widely used to 
produce polyethylene terephthalate (PET), which is then used in the production of polyester 
resins, fibers, and packaging containers. mX is used to synthesize isophthalic acid, which 
is used in PET resin blends.5,6 EB is dehydrogenated to styrene for polystyrene production 
and oX is utilized in the synthesis of phthalic anhydride, a plasticizer.4,6 The similarity in 
molecular structures, close kinetic diameters (5.8-6.8 Å), and similar boiling points (138-
                                                 
† Material in this chapter has been previously published as Agrawal, M.; Bhattacharya S.; Huang Y.; 
Jayachandrababu K.; Murdock C.R.; Bentley J.A.; Rivas-Cardona A.; Mertens M.M.; Walton K.S.; Sholl, 
D.S.; Nair S. “Liquid Phase Multicomponent Separation of Xylene Mixtures by Flexible MIL-53 
Adsorbents” JPCC 2018, 122, 1, 386-397 
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144 °C) make cost-effective separation of these four isomers challenging, with the cost of 
production largely dependent on the cost of separation.5,7,8 While crystallization and 
azeotropic distillation can be used to separate C8 mixtures, the currently preferred 
separation technology is the Parex process, which uses simulated moving-bed 
adsorption.5,8 The adsorbent used is a faujasite (FAU)-type zeolite exchanged with cations 
like K+ or Ba2+, and it shows moderate pX selectivity attributed to xylene-cation 
interactions and favorable packing under high xylene loadings within the zeolite pores.6  
Recently, metal-organic frameworks have created interest for C8 isomer separation. 
Among the MOFs investigated for xylene mixture separations, the MIL-47 and the MIL-
53 series have shown promise for separating xylene mixtures.4,9,10 MIL-53 materials are 
especially interesting as they exhibit differing framework flexibility depending on the 
metal center.11,12 Previous experimental studies have shown the potential for xylene isomer 
separations by MIL-53 MOFs.11–14 Finsy et al.12 carried out single-component adsorption 
and binary breakthrough experiments of C8 aromatics in MIL-53(Al) with vapor phase 
feeds at 110 °C and demonstrated that framework flexibility enables selective xylene 
adsorption. Binary batch adsorption and binary breakthrough experiments in the liquid 
phase showed MIL-53(Al) to be oX-selective.15 The binary oX/mX selectivities for dilute 
xylene mixtures (0.028 M and 0.06 M) in hexane were reported to be 2.7 and 2.2 
respectively from batch adsorption and binary breakthrough measurements respectively.15 
Ternary liquid breakthrough measurements of concentrated (2.8 M) equimolar oX, pX and 
mX solutions at 9 bar and 30 °C were carried out with pelletized MIL-53(Al), and the 
oX/mX selectivity was reported to be ~2 using either heptane or hexane as desorbent.4,14 
Another MOF from the MIL-53 series, MIL-53(Fe) has been studied for separation of 
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multicomponent liquid-phase binary mixtures of C8 aromatics.
11 The material showed high 
oX selectivity in pulse chromatography and binary breakthrough experiments with dilute 
xylene mixtures (0.05 M) and was also able to separate mX from pX, unlike MIL-53(Al). 
There are, however, no reports of the performance of the other MOFs in the MIL-53 series. 
It is well known that the metal center has significant effects on the framework flexibility 
of different MOFs in the MIL-53 series, and hence a systematic investigation into the 
xylene separation performance of other MOFs of the MIL-53 series would be useful.16 
None of the MIL-53 materials have been studied for their separation properties with 
industrially relevant quaternary (EB/pX/mX/oX) liquid-phase feeds.  
In addition to experimental work, the development of reliable computational 
methods for prediction of framework flexibility effects on C8 aromatics separation is a 
topic of considerable interest. Several groups have used molecular simulations to study the 
effect of framework flexibility on adsorption in MIL-53 and MIL-47.17–19 Molecular 
dynamics (MD) simulations have been used to study the effects of the ‘breathing’ behavior 
of MIL-53(Cr) during CO2 adsorption.
15,17 Recently, we developed a ‘flexible snapshots’ 
method to account for the internal flexibility of MOFs (e.g. linker rotation) during C8 
aromatics adsorption.17 We have also studied flexible MIL-47 materials and 
computationally demonstrated that functionalization of the BDC linker in MIL-47 
considerably changes the selectivity of the adsorbent for C8 aromatics.
20 However, a 
general methodology that accounts for all relevant modes of MIL-53 framework flexibility 
has not been established, and there are no reports of computational studies of C8 aromatics 
adsorption in the MIL-53 series.   
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In this chapter, we address the above issues systematically thorough a combined 
experimental and computational study of single-component and multi-component C8 
isomers in several MIL-53 materials.‡ We develop computational methods to account for 
different types of flexibility in MIL-53, and initially validate these methods with detailed 
experimental single- component isotherm data from MIL-53(Al), MIL-53(Cr), MIL-
53(Ga), MIL-53(Fe) and MIL-53(Sc) materials. Based upon these results, we select three 
materials – MIL-53(Al), MIL-53(Cr) and MIL-53(Ga) – for detailed multicomponent 
quaternary liquid breakthrough measurements with industrially relevant xylene mixtures 
and operational conditions. We then compare our experimental multicomponent separate 
data with predictions from our flexible-structure multicomponent adsorption simulations, 
the effects of different metal centers and framework flexibility on C8 mixture separations 
is discussed in detail. Our experimental work also involved significant scale-up of MIL-53 
materials synthesis to produce high-quality materials in sufficient quantities for the 
adsorption and breakthrough measurements. 
3.2 Simulation Methods 
Experimental methods are described in detail in our published work.21 For 
adsorption simulations, MIL-53 structures, initially taken from RASPA22 library, were 
geometrically optimized using density functional theory (DFT) in the Vienna ab initio 
Simulation Package (VASP)23 with the projector augmented wave (PAW)24 approach. The 
cutoff energy of the plane wave basis set was 520 eV. For all simulations, the Brillouin 
zone was sampled with a Monkhorst-Pack grid. A k-point mesh of 2×3×5 for one unit cell 
                                                 
‡ All experimental data in this chapter was produced by S. Bhattacharya, Y. Huang, K. Jayachandrababu and 
C.R. Murdock 
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of MIL-47 or MIL-53 large-pore structure and a mesh of 2×5×5 for one unit cell of MIL-
53 narrow-pore structure were used. The cutoff energy and k-point mesh was tested to 
ensure energy convergence within 0.001 eV/atom. A conjugate gradient method was used 
to optimize atomic positions until the forces on each atom was converged within 0.01 
eV/atom. The Perdew-Burke-Ernzerhof (PBE)25 exchange correlation functional was 
adopted to perform calculations with the DFT-D226 functional to account for dispersion 
forces.  
Adsorption isotherms in MOFs were simulated using GCMC simulations as 
implemented in RASPA.22 Non-bonded interactions between adsorbates and the 
framework atoms were calculated using a Lennard-Jones (L-J) potential truncated at a 
spherical cutoff distance of 13 Å. Cross-terms are specified using Lorentz-Berthelot mixing 
rules with L-J parameters taken from the DREIDING force field27 for the framework atoms 
and the TraPPE force field28 for adsorbates. To calculate Coulombic forces, electrostatic 
charges on atoms in the MOFs were assigned on the entire periodic framework using the 
DDEC methods.29 We used equilibration and production periods of 5×104 and 1×105 Monte 
Carlo (MC) cycles respectively. In each MC cycle, adsorbate insertion/deletion, rotation, 
translation and identity change moves were attempted. Coulombic interactions were 
computed using the Ewald method with 10-6 Ewald precision and 12 Å cutoff.  
The osmotic framework adsorbed solution theory (OFAST)30,31 was used to 
describe structural transitions in the flexible MIL-53 frameworks. This method uses 
adsorption isotherms to predict the equilibrium-favored structure at given conditions. MIL-
53 materials are known to exist in narrow-pore (NP) and large-pore (LP) structures18,32,33 
and OFAST was used to predict transitions from one structure to another. To describe 
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swelling of the frameworks, molecular dynamics (MD) simulations were performed in the 
NPT ensemble at 323 K and 105 Pa. A time step of 1.0 fs was used and runs were carried 
out for 1 ns. The van der Waals interaction cutoff was set to 16 Å. The force field 
parameters for MIL-53 are taken from those previously reported by Ma et al.18 that used 
CVFF34 parameters for organic part and UFF35 parameters for inorganic part of the MOF. 
Additional simulation details of OFAST and force field parameters for MD calculations 
are provided in Appendix 3.A (see section 3.A.2 and 3.A.3). Table 3.A.6 shows the DFT-
optimized lattice parameters for the MIL-53 materials.  
3.3 Results and Discussions 
 
Figure 3.1: (a) PXRD patterns of activated MIL-53 materials obtained by scaled-up 
synthesis;  SEM images after hot DMF extraction and activation respectively: (b-c) MIL-
53(Al), (d-e) MIL-53(Cr), (f-g) MIL-53(Ga), and (h-i) MIL-53 (Fe). See Figure S3 for 
SEM images of MIL-53(Sc). 
Figure 3.1a shows the PXRD patterns of the activated MIL-53 (Al/Cr/Ga/Fe) 
materials synthesized using our scaled-up methods. The crystal structures were all 
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determined to be of the narrow pore (NP) form. MIL-53 adsorbents exhibit reversible 
structural transformations from LP form to NP form upon adsorption of some guest 
molecules (e.g. water), which is known as the ‘breathing effect’.32,36 PXRD confirmed that 
our MIL-53 samples were highly crystalline without any detectable impurity phases. The 
PXRD patterns showed the complete absence of BDC peaks, which were clearly present 
in all the as-synthesized materials (Figure 3.A.2). Thus, excess linker molecules (BDC) 
were completely removed during the hot DMF extraction step of the activation process. 
SEM images of the DMF-extracted and activated materials (Figure 3.1 and Figure 3.A.2) 
show that there is no apparent change in crystal morphology and size after the extraction 
step and after complete activation. Moreover, the crystal morphologies and sizes were 
similar to those seen in small batch syntheses.37–39 The BET surface areas and micropore 
volumes are shown in Table 3.1, with error bars obtained from three independent samples. 
These values are comparable to or even higher than the previously reported values,37–39 
indicating that high quality materials were synthesized. The increased surface area could 
be due to the improvements in the activation protocol of MIL-53s, particularly for MIL-
53(Al/Cr/Ga). As observed previously,38,39 MIL-53(Fe) and MIL-53(Sc) did not physisorb 
nitrogen at 77 K. 
The xylene adsorption characteristics of four different MIL-53 materials were 
initially probed using single-component/unary vapor adsorption isotherms at 323 K 
(Figure 3.2). The step in the adsorption isotherms occurs at the transition between the NP 
and LP structures. The transition pressure and the saturation capacity are different for each 
adsorbate and also differ between materials. MIL-53(Sc) demonstrated an essentially 
nonporous structure with no significant NPLP transition, and the two xylene isotherms 
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(mX and oX) collected for this material showed negligible adsorption (Figure 3.A.3). MIL-
53(Al) has the highest gravimetric oX saturation capacity (4.5 mmol/g) and the lowest 
transition pressure for oX uptake. MIL-53(Cr) and MIL-53(Ga) show the lowest transition 
pressures for pX adsorption, but the highest pX capacity is exhibited by MIL-53(Al). MIL-
53(Fe) had the highest mX capacity at saturation, but had the most difficulty in reaching 
the NPLP transition. Even after the transition pressure was reached, the isotherm 
collection took an unusually long amount of time, indicating that the structure may not 
have fully reached the LP form. The EB capacity is consistently the lowest among all the 
C8 isomers in all four materials. 
Table 3.1: Specific surface areas and pore volumes of MIL-53 materials. 
Material SBET, m2·g−1 Vp, micro, cm3·g−1 Activation Conditions 
MIL-53(Al) 1706±102 0.60±0.01 523 K – 623 K for 24 h 
in vacuum 
MIL-53(Cr) 1690±82 0.61±0.02 553 K – 623 K in air for 
24 h 
MIL-53(Ga) 1120±55 0.40±0.04 553 K – 623 K in air for 
24 h 
MIL-53(Fe) NA NA 398 K in air for 12 h 
MIL-53(Sc) NA NA 623 K in air for 12 h 
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Figure 3.2: Unary adsorption isotherms of pX, mX, oX, EB and hexane on (a) MIL-53(Al), 
(b) MIL-53(Cr), (c) MIL-53(Ga) and (d) MIL-53(Fe) at 323 K. 
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Figure 3.3: Simulated adsorption isotherms (open symbols) for C8 aromatics in MIL-
53(Al) at 323 K with (a) rigid LP structure and (b) flexible structures. The experimental 
data (closed symbols) are shown in both plots. The curves connecting the simulation data 
points are only a guide to the eye.  
Computational investigations were then conducted on unary C8 aromatics 
adsorption in MIL-53 to predict the effects of framework flexibility. First, GCMC 
calculations were carried out to obtain unary isotherms for all four adsorbates in rigid LP 
structures of MIL-53(Al). Figure 3.3a shows the results for MIL-53(Al), whereas the 
results for the other three materials are shown in (Figure 3.A.4). With the rigid structure 
approximation, the simulations show poor agreement with the experimentally obtained 
uptake pressures and adsorption capacities. It has been reported that it is critical to account 
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for the different flexibility modes (NPLP breathing and lattice expansion effects) of 
MIL-53 while simulating adsorption properties.18,40 To account for the NPLP breathing, 
OFAST calculations were performed. It was found that C8 aromatics do not adsorb in the 
NP structures of MIL-53 at 323 K. Previous studies have reported non-zero adsorption in 
the NP structure leading to two-step isotherms for xylene adsorption in MIL-53(Al) at 383 
K.12,13 However, it is also reported that the two-step isotherms in MIL-53(Al) are replaced 
with a one-step isotherm at lower temperatures.13 XRD patterns indicate that the MIL-53 
adsorbents are in the NP structure initially, which have essentially zero adsorption capacity 
at 323 K. As pressure is increased, the NPLP transition results in a high uptake as 
observed in the unary isotherms. Adsorption isotherms in both pore structures were then 
calculated using GCMC for all the MIL-53 adsorbents, and then combined using the 
OFAST method. Other than breathing, MIL-53 adsorbents are also known to expand to a 
certain extent at high loadings of xylene isomers. It has been reported that the unit cell 
volumes of MIL-53 and MIL-47 increased at high loadings of xylene isomers.14,15,17 To 
model this flexibility, the adsorbate-loaded frameworks obtained from GCMC simulations 
were relaxed with MD using fully-bonded force fields. GCMC simulations were then 
performed using the MD-relaxed structure, and GCMC+MD simulations were iteratively 
carried out to obtain converged lattice parameters (Table 3.A.6) and adsorption capacity 
of each C8 isomer. After accounting for both the breathing and swelling modes of MIL-53 
framework flexibility, the predicted unary isotherms are in closer agreement with the 
experimental data (Figure 3.3b and Figure 3.A.4). The simulated uptake pressures shift 
by about 5 orders of magnitude and come into good agreement with the experimental 
observations. The simulated capacities for all adsorbates also increased. The EB adsorption 
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capacities  show  the  largest differences with the experiments, possibly because the MIL-
53 structural transitions occur more slowly in presence of EB and thus the experimental 
EB adsorption isotherms may not have reached saturation even at long times.  A detailed 
comparison of the computational and experimental saturation capacities is shown in Table 
3.A.7. For all the materials, the simulations predict that oX has the highest adsorption 
capacity followed by pX and then mX, in agreement with experiments and with previous 
studies performed on MIL-53(Al).13 Among all the frameworks, both the experimental and 
simulation results point to MIL-53(Al) having the highest adsorption capacity for each 
adsorbate. 
 We then performed quaternary liquid breakthrough measurements on three of the 
materials: MIL-53(Al), MIL-53(Cr) and MIL-53(Ga). We excluded MIL-53(Fe) from this 
study since it showed significantly lower unary saturation capacities (Table 3.A.7). C8 
aromatic separations are typically conducted in the liquid-phase at higher pressures (~ 100 
psi), and the observed unary characteristics of MIL-53(Fe) would likely limit its separation 
performance. Figure 3.4 shows the results of liquid breakthrough measurements for each 
of the three MIL-53 materials. It is evident that all the MIL-53 adsorbents investigated are 
oX-selective, with MIL-53(Al) being the most selective among the three. The TIPB tracer 
breakthrough is much faster than that of the C8 aromatics, since it is weakly adsorbed. A 
careful observation of Figure 3.4 also reveals that in MIL-53(Cr) and MIL-53(Ga), some 
separation of pX and mX can be achieved with breakthrough occurring in the following 
order: EB < pX < mX < oX. However in MIL-53(Al), there is insignificant relative 
separation of pX and mX with the relative order of breakthrough times: EB < pX ~ mX < 
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oX. A ‘roll-up’ effect is also observed in all the three adsorbents  studied,  with  the  greatest  
effect  occurring  in  MIL-53(Al).   
 
Figure 3.4: Liquid breakthrough traces for (a) MIL-53(Al), (b) MIL-53(Cr), and (c) MIL-
53(Ga). The feed mixture was 0.5:1:2:1 EB:pX:mX:oX at 100 psi and 323 K. TIPB was 
used as a tracer. 
In all the materials, the roll-up effect is synchronous with the breakthrough of oX, 
indicating that the more strongly adsorbing oX displaces the initial adsorbed pX, mX and 
EB from the MIL-53 pores. In order to obtain quantitative information from the 
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breakthrough data, the roll-up effects as well as the variations in the outlet flowrate must 
be taken into account when calculating the adsorbed amounts of each component. The 
time-dependent outlet liquid flowrate (and also the pressure drop) are recorded for each 
MIL-53 column. Figure 3.A.5 shows typical data from a MIL-53(Al) column. The flow 
rate data in Figure 3.A.5 are used to obtain the time-dependent flow. 
 
Figure 3.5: (a) oX selectivity (relative to each of the other components and relative to all 
other components); and (b) adsorption capacity (by each component as well as total), for 
MIL-53(Al), MIL-53(Cr) and MIL-53(Ga) as obtained from quaternary liquid 
breakthrough measurements at 323 K and 100 psi. 
Quantitative values of selectivity and capacity were obtained from the experimental 
data and are depicted in Figure 3.5. A detailed listing of the obtained values is given in 
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Table 3.A.8. The oX selectivity relative to all other components combined (‘oX/All’) of 
MIL-53(Al) is around 5 while MIL-53(Cr) gives a selectivity of 3 and MIL-53(Ga) leads 
to a selectivity of 2.5. There is no statistically significant difference between the oX/pX 
and oX/mX selectivities of MIL-53(Al), the mean values of which were computed to be 
5.2 and 5.1 respectively. This is in agreement with previous work on MIL-53(Al) that 
reports no relative pX and mX selection in this adsorbent from binary liquid-phase 
breakthrough experiments.15 However, MIL-53(Cr) and MIL-53(Ga) both show a mX/pX 
selectivity of around 1.4. The oX/EB selectivity in MIL-53(Cr) is 4.9, which is less than 
MIL-53(Al) where it is around 8. In terms of overall capacities, MIL-53(Cr) (4.9 mmol/g) 
is similar to that of MIL-53(Al) (4.6 mmol/g). MIL-53(Ga) had the lowest overall capacity 
of 3.4 mmol/g. This is consistent with its smaller BET surface area even when accounting 
for the different framework densities of the MOFs due to their different metal centers 
(Table 3.1). In terms of the oX capacity, MIL-53(Al) had the highest value (3 mmol/g). 
The above findings clearly point to the dominance of competitive oX adsorption 
over the other isomers in all of the MIL-53 series of adsorbents under industrially relevant 
conditions (liquid phase, higher pressure, quaternary mixture) regardless of the saturation 
loadings and uptake pressures observed in single-component adsorption. The observation 
that MIL-53(Al) cannot discriminate between mX and pX has been made in previous 
literature reports,14,15 but here it is interesting to observe that both MIL-53(Cr) and MIL-
53(Ga) adsorb mX preferentially over pX in multicomponent breakthrough. The breathing 
behavior of the adsorbents in the MIL-53 series with respect to temperature or humidity 
are different due to the known effect of the metal center on the adsorbent-adsorbate 
interactions.  
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We now comment upon the oX selectivity in MIL-53(Al) obtained in this work 
relative to those reported in two previous studies. In one of the previous works,15 separate 
binary batch adsorption measurements from a liquid phase feed (0.014 M concentration of 
each of the two isomers in hexane) led to the following selectivities: oX/EB = 10.9, oX/pX 
= 3.5, and oX/mX = 2.7. However, the authors also reported that whereas in unary 
adsorption both oX and pX displayed 40-45 wt% uptake in MIL-53(Al), in equimolar 
binary mixtures oX dominated the adsorption (up to 45 wt% uptake) while pX never 
exceeded more than 5 wt% uptake. The authors predicted an increasing binary oX/pX 
selectivity with increasing bulk-phase liquid concentrations, with selectivity up to 12 at 0.6 
M bulk concentration of each isomer.15 In this study, multicomponent breakthrough runs 
were conducted at an oX isomer concentration of 1.8 M, so it is reasonable that we obtain 
higher selectivity values than those previously reported from binary batch measurements 
at 0.014 M and comparable selectivities to the previous measurements at 0.6 M. In another 
previous work, ternary breakthrough measurements for oX, pX and mX have been reported 
in MIL-53(Al) at 313 K and 2.7 M equimolar bulk isomers concentrations in heptane.14 
The authors used MIL-53(Al) pellets (also containing binders) that were supplied by 
BASF. They reported a low oX/pX selectivity of ~2, and justified this value by 
hypothesizing that the binder may have prevented the full NPLP breathing and/or caused 
pore blockage. Compared to the reported BET surface area (550 m2/g) of MIL-
53(Al)/binder pellets used in their work, our samples of pure MIL-53(Al) have a much 
higher BET surface area (Table 3.1).  
Multicomponent (quaternary) adsorption simulations were then performed 
accounting for MIL-53 framework flexibility, in order to predict the experimentally 
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observed behavior. This is the first attempt in the literature to study multicomponent 
adsorption of C8 aromatics in MIL-53 while taking the adsorbate-framework structural 
coupling into account. Since the multicomponent adsorption occurs at high pressure and 
high loadings, the MIL-53 frameworks are already in their LP form and consideration of 
the NPLP transition is not necessary. However, the LP framework swelling/relaxation at 
high loadings must be accounted for. In our unary adsorption simulations described earlier 
in this chapter, we used iterative GCMC+MD calculations to describe this effect. It proved 
difficult to obtain converged results using the same method for multicomponent adsorption. 
To simplify the calculations, it was proposed that the relaxation of MIL-53 LP structures 
due to adsorbates at high loading is not significantly dependent on the type of adsorbate 
among the C8 aromatic isomers, even though it is significantly different compared to the 
empty structure. This is initially supported by the fact that the relaxation of frameworks in 
single-component studies show that the increase in volume due to adsorbate loading is 
similar for all C8 adsorbates. To test this hypothesis further, histograms of the linker 
dihedral angle were plotted for MIL-53(Al) loaded with each of the four adsorbates (Figure 
3.6). Similar histograms for MIL-53(Cr) and MIL-53(Ga) are shown in Figure 3.A.7. It is 
seen that the linker dihedral angle distribution is not significantly dependent on the type of 
C8 aromatic adsorbate. Note that the dihedral distribution is significantly different in the 
empty framework than in the adsorbate-loaded frameworks. The above findings allow a 
simplification in modeling the flexibility of MIL-53 during multicomponent adsorption. 
Dynamical snapshots of each relaxed MIL-53 framework containing oX at high loading 
were generated using NPT MD simulations in order to describe the adsorbate-framework 
structural coupling. The adsorption properties of C8 aromatics were then calculated using 
  71 
GCMC simulations for ten distinct snapshot structures and averaged to obtain physically 
realistic values. 
 
Figure 3.6: Histograms of the linker dihedral angle distribution for C8 aromatics in MIL-
53(Al). 
A detailed comparison of experimental and computational multicomponent 
capacities and selectivities for the three MIL-53 adsorbents is given in Table 3.A.8. Figure 
3.7 shows comparisons between four computed selectivites (oX/mX, oX/pX, oX/EB, and 
oX/All) versus those obtained experimentally. For MIL-53(Al), data from the two previous 
experimental studies14,15 are also shown for comparison, even though they were obtained 
only for binary mixtures as discussed earlier. In general, the simulations are in qualitative 
agreement with our experimental data. The total capacities (Table 3.A.8) are in good 
agreement (2-20% difference between experiment and simulation). In Figure 3.7, the four 
selectivities show the same trends in experiment and simulation, with oX/EB selectivities 
being the highest. Both simulations and experiments concur that MIL-53(Al) has the 
highest oX selectivity among all MIL-53 adsorbents, and that all MIL-53 series of 
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adsorbents are oX selective. Quantitatively speaking, the simulations under-predict the 
selectivities. A previous report explained the oX-selective nature of MIL-53(Al) as being 
due to preferred interactions of C8 aromatics with the MOF framework.
12 Methyl groups 
in oX are at adjacent positions, allowing the interaction of both methyl groups with the 
carboxylate groups of the MIL-53 framework, whereas mX and pX molecules can only 
interact with carboxylate groups via one methyl group. The methyl group in meta-position 
of mX can interact with carbon atoms of the aromatic ring of the framework, but the 
geometry of pX prevents the interaction of the para- methyl group with the framework. 
This theory supports the selectivity order of xylene isomers observed in MIL-53. However, 
the adsorption energies of C8 aromatics calculated by our GCMC simulations are not found 
to be significantly different (oX: -60.7, mX: -59.53, pX: -59.45, and EB: -59.1 kJ/mol). 
Another study suggested that the oX-selective nature of MIL-53(Al) is related to the 
dynamic rotation of the organic linker in the MIL-53 framework and its sensitivity to the 
type of aromatic isomer adsorbate.41 However, our MD calculations show (Figure 3.6) that 
the distribution of linker rotation angle is not significantly different for the different 
isomers. Rather, the high experimental oX selectivity observed in multicomponent liquid 
breakthrough, the roll up effects showing preferential oX adsorption at high xylene 
loadings, and a lack of correlation of multicomponent oX selectivity with unary oX 
capacities (Table 3.A.7), lead us to hypothesize that entropic effects such as better packing 
efficiency of oX under high xylene loadings - along with preferred interactions of oX with 
the MIL-53 framework - lead to the observed oX selectivity. 
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Figure 3.7: Multicomponent adsorption selectivity comparison between simulations and 
experiments: (a) MIL-53(Al), (b) MIL-53(Cr), and (c) MIL-53(Ga). 
3.4 Summary 
We have investigated C8 aromatic isomer separation by different members of the 
flexible MIL-53 MOF series with a combined experimental and computational 
methodology. The inclusion of flexibility effects in adsorption simulations through the use 
of OFAST methods was found to be effective in correctly predicting unary C8 isomer 
adsorption in several MIL-53 materials. Quaternary liquid phase breakthrough 
measurements showed all the MIL-53 adsorbents to be oX-selective. MIL-53(Al) showed 
the highest oX selectivity, while both MIL-53(Cr) and MIL-53(Ga) showed significant 
mX/pX separation unlike MIL-53(Al). Though previous reports exist on the oX selectivity 
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of MIL-53(Al) and MIL-53(Fe), this work is the first to report quaternary liquid phase 
breakthrough measurements in MIL-53 materials under industrially relevant xylene feeds 
and operating conditions. Furthermore, we report the first simulations of C8 aromatic 
isomer multicomponent adsorption in MIL-53, and the results are shown to be in good 
qualitative agreement with experiment. Based upon consideration of all our results, it 
appears that both the packing efficiency of oX in MIL-53 under high xylene loadings as 
well as its preferential interaction with the linker determine the observed oX selectivity in 
MIL-53 materials. 
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APPENDEX 3.A. SUPPORTING INFORMATION FOR CHAPTER 3 
3.A.1  OFAST Simulation Details 
The osmotic framework adsorption solution theory (OFAST) method30,31 was used 
to describe structural transition of MIL-53 due to C8 aromatics adsorption. In the method, 
the osmotic potential, Ω, is calculated for adsorption of any adsorbates for metastable host 
rigid frameworks. The system having the lowest osmotic potential at a given set of 
conditions is favored to be at equilibrium by thermodynamics. Here, we have considered 
only single component adsorption, for which Ω is defined as: 
Ω𝑘(𝑇, 𝑓) =  𝐹ℎ𝑜𝑠𝑡








Here Fhost is the Helmholtz free energy of the empty framework, n
e is the excess amount of 
adsorbate molecules adsorbed in the framework, and f is the fugacity of the bulk fluid 
phase. At low pressures, the excess adsorbed amount is equal to absolute adsorbed amount 
and the fugacity is equal to the pressure. For two pore structures in MIL-53, Equation 3.A.1 
becomes: 






  (3.A.1) 
At a transition pressure at which one structure makes a transition to another structure, 
Equation 3.A.2 becomes equal to zero as both structures have same osmotic potential at 
that pressure. So, if we have free energy difference between both structures, transition 
pressure can be calculated and vice versa. It is difficult to accurately calculate free energy 
differences between frameworks, we used the transition pressure of one adsorbate from the 
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experiments (oX in this chapter) to calculate free energy difference of narrow pore and 
large pore frameworks, and then used that free energy difference to calculate transition 
pressures for other C8 aromatics in single component adsorption. Because the narrow-pore 
structures show no adsorption in our calculations, this transition pressures is same as the 
pressure at which adsorbate loading starts in the isotherms.  
3.A.2  Force Field Parameters for MD calculations 
The flexible force fields for MIL-53 have been derived starting with those 
previously reported for MIL-53(Cr) by Ma et al.18 In this force field, the intramolecular 
force constant for organic moiety were extracted from the widely used Consistent Valence 
Force Field (CVFF) same as for the inorganic part. For metal-oxygen intramolecular and 
non-bonded interactions parameters were adopted from UFF force field.35 C3-O2-
M(metal) three body interactions were considered to have the same values for all metals. 
The torsion terms are adjusted to reproduce basic structural features of MIL-53 
frameworks. Note that the non-bonded interactions concern atoms separated by exactly 
three bonds usually described as 1-4 van der Waals interactions with LJ potentials.  
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Figure 3.A.1: Atomic configuration of MIL-53 with atom types labeled. Here, M = Cr, Al, 
Ga, Fe. 
 
Table 3.A.1: Lennard Jones parameters for framework atoms. 
Atom Type εii (kJ/mol) σii (Å) 
C 0.2478 3.81 
H 0.1602 2.45 
O 0.2495 3.12 
Cr 0.0627 2.69 
Al 1.2955 3.91 
Ga 1.7343 3.91 
Fe 0.0543 2.59 
Note: These parameters are taken from the force field for MIL-53(Cr) derived by Ma et 
al.18 Parameters for Al, Ga and Fe are taken from UFF.35   
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Table 3.A.2: DDEC charges for frameworks. 
Atom Type MIL-53(Cr) MIL-53(Al) MIL-53(Ga) MIL-53(Fe) 
C1 -0.0789 -0.0732 -0.0763 -0.0779 
C2 -0.0946 -0.1042 -0.0937 -0.0868 
C3 0.6804 0.7342 0.7133 0.6470 
O1 -0.9432 -1.0993 -1.0004 -0.7279 
O2 -0.6099 -0.6479 -0.6251 -0.5143 
H1 0.4644 0.4788 0.4691 0.4374 
H2 0.1113 0.1120 0.1138 0.1093 
Cr 1.6172 - - - 
Al - 1.7969 - - 
Ga - - 1.6425 - 
Fe - - - 1.1016 
Note: These values are derived using plane wave DFT calculations.  
 
Table 3.A.3: Bond stretch parameters for MIL-53. 
i-j kij [kJ/(mol.Å
2)] r0 (Å) 
C1-C1 4015.05 1.34 
C1-C2 4015.05 1.34 
C2-C3 2943.72 1.47 
C3-O2 4516.93 1.25 
C1-H2 2850.14 1.09 
O1-Cr 2041.72 1.95 
O2-Cr 2041.72 1.95 
O1-Al 1830.24 1.93 
O2-Al 1830.24 1.93 
O1-Ga 1755.99 2.02 
O2-Ga 1755.99 2.02 
O1-Fe 2109.65 1.93 
O2-Fe 2109.65 1.93 
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Table 3.A.4: Bond bending parameters for MIL-53. 
i-j-k kij [kJ/(mol.rad
2)] Ɵ (0) 
C1-C2-C1 753.30 120 
C1-C1-C2 753.30 120 
C1-C1-H2 309.72 120 
C2-C1-H2 309.72 120 
C1-C2-C3 290.32 120 
C2-C3-O2 569.25 120 
O2-C3-O2 114.16 123 
C3-O2-Cr 115.9 136 
C3-O2-Al 115.9 136 
C3-O2-Ga 115.9 136 
C3-O2-Fe 115.9 136 
 
Table 3.A.5: Torsional parameters for MIL-53. 
i-j-k-l kij [kJ/(mol.rad
2)] N Ɵ (0) 
C2-C1-C1-C2 2.0 2 180 
C3-C2-C1-C1 2.0 2 180 
C2-C1-C1-H2 2.0 2 180 
H2-C1-C1-H2 2.0 2 180 
C3-C2-C1-H2 2.0 2 180 
H2-C1-C2-C1 2.0 2 180 
C1-C1-C2-C1 2.0 2 180 
C1-C2-C3-O2 5.0 2 180 
C2-C3-O2-Cr 20.0 2 180 
C2-C3-O2-Al 18.0 2 180 
C2-C3-O2-Ga 22.0 2 180 
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Table 3.A.6: DFT-optimized lattice parameters for MIL-53 materials. 
 a (Å) b (Å) c (Å) a (Å) b (Å) c (Å) 
 DFT Simulations Experiments32,42     
MIL-53(Cr)        
Large pore (LP) 16.73 13.29 6.74 16.77 13.03 6.81 
Narrow pore (NP) 19.85 6.20 6.51 19.68 7.84 6.78 
NP_water loaded 19.62 7.76 6.62    
MIL-53(Al)        
Large pore 16.64 13.42 6.76 16.67 13.33 6.80 
Narrow pore 19.75 6.26 6.62 19.79 7.94 6.81 
NP_waterloaded 19.68 7.83 6.68    
MIL-53(Ga)        
Large pore 16.93 13.12 6.76 16.85 13.01 6.82 
Narrow pore 19.89 6.12 6.82 19.81 7.96 6.80 
NP_waterloaded 19.78 7.72 6.86    
MIL-53(Fe)        
Large pore 16.67 13.20 6.60 16.89 12.54 6.58 
Narrow pore  19.54 6.24 6.35 19.51 7.61 6.57 
NP_waterloaded 19.44 7.65 6.63    
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Figure 3.A.2: Powder-XRD patterns (a)-(e) and SEM images (f)-(g) of MIL-53 adsorbents 
at different stage of synthesis. (a) MIL-53 (Al), (b) MIL-53 (Cr), (c) MIL-53 (Ga), (d) 
MIL-53 (Fe), (e) MIL-53 (Sc), (f) washed MIL-53 (Sc), and (g) calcined MIL-53 (Sc). 
Impure peak at 2θ angle of ~ 17.3° in (a)~(e) was ascribed to the excess BDC linkers in the 
as-synthesized (as) sample. 
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Figure 3.A.3: Adsorption isotherms of mX and oX on MIL-53(Sc) at 323 K. 
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Figure 3.A.4: Rigid-structure and flexible-structure simulations compared with 
experimental data for single-component adsorption of xylene isomers in (a) MIL-53(Cr), 
(b) MIL-53(Ga) and (c) MIL-53(Fe). 
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Table 3.A.7: Summary comparison of experimental and simulated unary adsorption 
characteristics of C8 aromatics in MIL-53 materials. The error bars on the data are 
approximately 0.1 mmol/g.  
Material Single-component  
saturation capacity (mmol/g) 
 oX pX mX EB 
MIL-53(Al)     
Experiment 4.5 4.6 4.5 2.5 
Simulation 4.4 4.3 4.0 3.3 
MIL-53(Cr)     
Experiment 4.0 4.2 2.6 2.4 
Simulation 3.9 3.8 3.6 2.9 
MIL-53(Ga)     
Experiment 3.4 3.7 3.1 2.2 
Simulation 3.8 3.75 3.5 2.9 
MIL-53(Fe)     
Experiment 3.3 4.0 3.2 2.5 
Simulation 3.7 3.6 3.3 2.8 
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Figure 3.A.5: Variation of outlet flowrate and pressure drop observed across a MIL-53(Al) 
column during breakthrough of a 0.5:1:2:1 EB:pX:mX:oX feed mixture at 100 psi 
backpressure and 323 K. The data shown in the top panel is the same as Figure 4a.+ 
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Figure 3.A.6: Desorption trace of adsorbed aromatic isomers in a MIL-53(Al) column 
using a hexane desorbent, following a breakthrough adsorption run with feed mixture 
0.5:1:2:1 EB:pX:mX:oX at 100 psi and 323 K.  
 
Figure 3.A.7: Calculated distribution of linker dihedral angles in MIL-53(Cr) and MIL-
53(Ga).  
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Table 3.A.8: Comparison of computational and experimental adsorption capacity and selectivity values for different MIL-53 adsorbents 
under quaternary liquid-phase adsorption with a 0.5:1:2:1 EB:pX:mX:oX mixture at 323 K and 100 psi. 
 Capacity (mmol/g) Selectivity 
Material oX mX pX EB Total oX/oX oX/mX oX/pX oX/EB oX/All 
MIL-53(Cr)                 
Simulations 1.7±0.2 1.4±0.1 0.6±0.1 0.3±0.02 3.9±0.2 1.0 2.4±0.3 2.7±0.2 3.3±0.2 2.6±0.3 
Experiments 2.5±0.2 1.6±0.1 0.6±0.1 0.25±0.04 4.9±0.2 1.0 2.8±0.4 3.7±0.6 4.9 ±1 3.2±0.5 
MIL-53(Al)           
Simulations 2.0±0.2 1.5±0.2 0.7±0.1 0.3±0.03 4.5±0.2 1.0 2.8±0.4 2.9 ±0.3 3.6±0.2 3±0.3 
Experiments 3±0.1 1±0.2 0.49±0.1 0.14±0.04 4.6±0.3 1.0 5.1±0.9 5.2±1 8.2±2 5.5±1 
MIL53(Ga)           
Simulations 1.6±0.2 1.3±0.1 0.6±0.1 0.2±0.03 3.7±0.2 1.0 2.6±0.3 2.9±0.2 3.4±0.2 2.7±0.3 
Experiments 1.5±0.1 1.2±0.1 0.47±0.1 0.18±0.06 3.4±0.2 1.0 2.5±0.2 3.3±0.3 4.7±0.5 2.9±0.2 
MIL-53(Cr)           
Simulations 1.7±0.2 1.4±0.1 0.6±0.1 0.3±0.02 3.9±0.2 1.0 2.4±0.3 2.7±0.2 3.3±0.2 2.6±0.3 
Experiments 2.5±0.2 1.6±0.1 0.6±0.1 0.25±0.04 4.9±0.2 1.0 2.8±0.4 3.7±0.6 4.9 ±1 3.2±0.5 
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CHAPTER 4. ADSORPTION OF CHEMICAL WARFARE 
AGENTS AND THEIR SIMULANTS IN MOFSd 
4.1 Introduction 
Chemical Warfare Agents (CWAs) are extremely toxic synthetic chemicals that are 
organized into several categories according to the physiological manner in which they 
affect the human body.1–3 Our focus in this chapter is on the nerve agents Sarin and Soman, 
which contain free phosphonic acid terminal groups that can form strong complexes with 
divalent metal ions. Most laboratory studies of CWAs of this kind use simulant molecules 
rather than the CWAs themselves. It is therefore important to understand what constitutes 
a useful simulant for various processes that involves CWAs; it is this issue that is addressed 
in this chapter. 
Metal-organic frameworks (MOFs) or porous-coordination polymers (PCPs) are 
crystalline nanoporous material consisting of inorganic and organic linkers. Because of the 
extraordinary degree of diversity in both organic and inorganic parts, high surface area and 
high porosity, MOFs have been studied for a large number of potential applications 
including gas storage,4 chemical separations,5 catalysis,6,7 sensing,8 drug delivery,9 and 
more recently the capture and detoxification of CWAs.10–17 Among MOFs that have been 
explored as catalysts for CWA detoxification, MOFs containing Zr-based clusters, 
including UiO-type MOFs, NU-1000, MOF-808, and PCN-222/MOF-545, have shown 
                                                 
d Material in this chapter has been previously published as Agrawal, M; Sava-Gallis D.F.; Greathouse J.A.; 
Sholl D.S. “How Useful Are Common Simulants of Chemical Warfare Agents at Predicting Adsorption 
Behavior?” J. Phys. Chem. C 2018, 122, 45, 26061-26069 
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promising performance in adsorbing and degrading CWAs and CWA simulants.12–14,16–22 
Katz et al. studied CWA simulants in UiO-66, UiO-67 and their derivatives to conclude 
that the amino derivatives of these MOFs are more active catalysts than non-functionalized 
materials.20 Liu et al. used a Zr-based MOF, PCN-222, as a dual function catalyst for the 
simultaneous detoxification of simulants of two CWAs at room temperature.16 Other than 
Zr-based clusters, Zn-based MOFs have also shown potential in degrading CWAs and 
CWA simulants. Zou et al. developed a metal-organic replica of α-PbO2 that exhibited high 
capacity for capture of nerve agent simulants.23 Montoro et al. conducted a series of 
experiments on diisopropylfluorophosphonate (DFP), a simulant for Sarin, to confirm the 
suitability of the MOF [Zn4(µ4-O)-(µ4-4-carboxy-3.5-dimethyl-4-carboxy-pyrazolato)3] to 
capture this molecule.15  
CWA simulants generally feature similar chemical structures to those of real agents 
but with reduced toxicity. Although there are several molecules that have been studied as 
CWA simulants, it is not obvious how the similarity between putative simulants and real 
agents can be established in novel processes or environments. Bartelt-Hunt et al. reviewed 
the properties of CWAs and surrogates to identify the appropriate surrogate for hydrolysis 
and volatilization.24 An alternative to studying these materials with experiments is to use 
molecular simulations to search for high performing materials. A striking example of this 
approach was reported recently by Matito-Martos et al.,10 who used computational models 
to consider a large library of MOFs (specifically, the CoRE MOF database25) for CWA 
removal under humid conditions. The results of these simulations led the authors to 
synthesize and test a promising sorbent.10 There have been no studies, however, 
systematically comparing the adsorption properties of CWAs and simulants in nanoporous 
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adsorbents such as MOFs. Also, to the best of our knowledge, no literature exists on 
validating the accuracy of generic force fields (FFs) in predicting adsorption properties of 
molecules such as CWAs and simulants.  
Molecular simulations have become a useful tool for predicting the adsorption 
properties of molecules in diverse collections of MOFs and similar materials. Multiple 
studies are available in which the adsorption of small molecules such as CO2, CH4 or noble 
gases in thousands of MOF structures has been simulated.26–28 Recent work has shown how 
these approaches can be extended to large collections of adsorbing molecules.29 In this 
chapter, we use molecular simulations to predict the adsorption properties of several CWAs 
and CWA simulants in a library of thousands of MOF structures. Specifically, we simulate 
adsorption of  Sarin, Soman, dimethylmethylphosphonate (DMMP), 
diethylchlorophosphate (DCP), DFP and dimethyl p-nitrophenyl phosphate (DMNP) in a 
set of ~3000 experimentally-derived MOF crystal structures from the CoRE MOF 
database.25,30 The molecular structures of the six molecules we considered are shown in 
Figure 4.A.1 (Appendix 4.A). Our results extend the recent work of Matito-Martos et al. 
in two important ways. First, we use our data to address the question of whether molecules 
commonly considered to be simulants for CWAs are truly similar to CWAs in terms of 
their adsorption properties. This important question, somewhat surprisingly, does not seem 
to have been considered before in work on adsorption of CWAs. This analysis can have 
important implications for experimental studies of these challenging species.  
The second extension beyond the work of Matito-Martos et al. in our work is to 
consider the FF used in our simulations. All molecular simulations of adsorption require a 
FF that defines the energy of interactions between adsorbing molecules and the adsorbent 
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material. The most common approach in high throughput computational studies is to use 
“generic” FFs.26,27,31 A recent analysis of experimental uncertainty in reported gas 
adsorption isotherms in MOFs suggested that simulations with generic FFs make 
predictions with similar precision to adsorption experiments, at least for small physisorbing 
molecules.32 Nevertheless, to draw robust conclusions about the question posed above, it 
is useful to probe the sensitivity of our results to the FFs that are used. To this end, we 
supplement molecular simulations performed with generic FFs with additional simulations 
using a FF for CWAs and CWA simulants in MOFs we derive from quantum chemistry 
calculations. This FF is obtained by adapting methods from the growing literature on 




alkanes,38 and cyclic hydrocarbons39 in MOFs and similar materials using quantum 
chemistry data.40–42   
4.2 Simulation Methods 
For our calculations, MOF structures were taken from a subset of the CoRE MOF 
database25 consisting of 2932 different crystal structures for which high quality atomic 
point charges have been reported.30 All structures in the CoRE MOF database are derived 
from experimentally reported crystal structures assuming that all free solvent was removed 
from the crystals. The structures of MIL-101,43 NU-1000,43 UiO-67,44 UiO-66 and its 
derivatives45 were also included because of prior reports on using these materials for 
capture of CWAs. Details of the MOF database used in our simulations is provided in the 
Appendix 4.A.  
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Force-field based adsorption calculations in MOFs were performed using Monte 
Carlo simulations as implemented in RASPA.43 All calculations of this kind assumed that 
the MOF structures were rigid, a common assumption in calculations using large numbers 
of adsorbent structures. We used equilibration and production periods of 5×104 Monte 
Carlo (MC) cycles; preliminary tests indicated this was sufficient to get well converged 
results. Calculations were carried out with the Widom insertion method, giving the Helium 
void fraction, Henry coefficients (KH) and heats of adsorption (Eads) in the limit of zero 
loading.   
Calculations using what we will refer to as a “generic” FF for adsorbate-MOF 
interactions were performed as follows. Non-bonded interactions between adsorbates and 
the framework atoms were calculated using a Lennard-Jones (L-J) potential truncated at a 
spherical cutoff distance of 13 Å. Cross-terms for this potential were specified using 
Lorentz-Berthelot mixing rules with L-J parameters taken from UFF46 force field for the 
framework and the TraPPE47,48 force field for adsorbates. To define Coulombic forces, 
electrostatic charges on atoms in the MOFs were assigned on the entire periodic framework 
using DDEC49 methods.30 Point charges on atoms in DFP, DMNP and DCP that are not 
defined in TraPPE force field, were calculated using the charge equilibration (EQeq) 
method.50 Coulombic interactions were computed using the Ewald method with a precision 
of 10-6 and a 13 Å cutoff. This approach is very similar to the FFs used in the recent work 
by Matito-Mantos et al.10 
It is challenging to directly assess the accuracy of the generic FF described above for 
a diverse library of MOFs because of the extreme sparsity of experimental data that exists. 
It is important, however, to understand how sensitive molecular simulation results are to 
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details of the FFs used. We therefore performed extensive plane wave Density Functional 
Theory (DFT) calculations of adsorption of CWAs and simulants in a prototypical MOF, 
UiO-66, and used those results to develop a FF that is transferable to other MOFs. We refer 
below to this FF as a DFT-derived FF. For each molecule, 500 independent configurations 
were initially generated using the generic FF described above. The adsorption energy for 
each of these configurations was calculated using DFT with the PBE-D3 functional.51 Prior 
work by Fang et al.36,42 has shown that dispersion corrected PBE functionals performs well 
among DFT functionals to calculate interaction energies of this kind. The adsorption 
energies were defined by, 
Eads = Eadsorbate-MOF-(Eadsorbate + EMOF)  (4.1) 
where Eads, Eadsorbate-MOF, Eadsorbate and EMOF are the adsorption energy, the energy of the 
adsorption complex, the energy of the isolated adsorbate and the energy of the isolated 
MOF, respectively. Classical FFs for the adsorbates were then scaled to fit the DFT data. 
Specifically, we defined adsorbate-MOF dispersion interactions using L-J potentials 
defined via unconventional mixing rules from the adsorbate-adsorbate potentials and UFF 
parameters for MOF atoms. These adsorbate-MOF potentials had the form, 













]    (4.2) 
where εij
* =  √εi(C1εj) , σij
* =  
σi+ C2σj
2
, C1 and C2 are scaling coefficients for the 
unconventional  mixing rules that are defined for each adsorbate atom-type individually, rij 
is the distance between atoms i and j, ε is the well depth, and σ is the interatomic potential’s 
distance parameter. Here, i and j are subscripts for MOF and adsorbate atoms respectively. 
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If C1 and C2 are both equal to 1.0 for all adsorbate atoms, then this approach reduces to the 
standard generic FF described above.   For electrostatic interactions, a standard point 






    (4.3) 
where e is the electron charge, ε0 is the vacuum dielectric permittivity, and qi and qj are 
partial charge for atoms i and j. The same atomic point charges defined above for the 
generic FF were used. 
Fitting the parameters for the DFT-derived FF involves determining C1 and C2 for 
each pair of interacting atoms. To reduce the complexity of the non-linear fitting problem, 
values of C1 and C2 for all adsorbate atom-types except six atom-types in the phosphonate 
group that is common in all CWAs and simulants were assumed to be equal to 1. For each 
atom-type in the phosphonate group, values of C1 and C2 were kept same across all 
adsorbates. Values of these scaling coefficients were then fitted for the six atom-types in 
phosphonate group using DFT data from the 3000 adsorbate configurations described 
above (500 configurations each for Sarin, Soman, DMMP, DMNP, DFP and DCP). Using 
this form for the mixing rules requires non-linear fitting when deriving the FF, but is useful 
because it allows the FFs to be used readily for any MOF. Details of the generic FF 
parameters and calculated scaling coefficients are given in the Appendix 4.A (see Table 
4.A.1 and Table 4.A.2).  
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Figure 4.1: A parity plot between interaction energies calculated using classical force 
fields and quantum chemistry calculations using (a) a generic FF and (b) a DFT-derived 
FF for 3000 configurations of CWAs and simulants in UiO-66. 
Figure 4.1 shows the performance of the generic FF and our DFT-derived FF 
compared to DFT results for molecular adsorption in UiO-66. The generic FF captures the 
overall trends seen in the DFT data, but as expected there is some variation between the 
two sets of results. The mean standard error of the adsorption energies from the generic FF 
with respect to the DFT data is 13.8 kJ/mol. Notably, the FF-based binding energies have 
poor agreement with the DFT results for configurations associated with weaker binding 
energies. Although it is not the topic of this chapter, this observation hints that the generic 
FF may be considerably less accurate for describing molecular diffusion in materials of 
this kind than it is for describing adsorption, since the latter is dominated by low energy 
configurations. This topic has been explored in more detail recently by Fang et al. for 
molecular diffusion in zeolites.52 Our DFT-derived FF is fitted to match the underlying 
DFT data, so it is not surprising that the agreement shown in Figure 4.1b is better than for 
the generic FF. The mean standard error of our DFT-derived FF is 9.0 kJ/mol. In general, 
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the DFT-derived FF predicts stronger binding energies than the generic FF (see Figure 
4.A.2).  
Our DFT-derived FF was obtained from calculations in a single MOF, UiO-66. In 
order to test the transferability of this FF to other MOFs, we randomly chose five MOFs 
from the full set of materials we considered and compared the performance of both FFs 
with adsorption energies calculated using DFT. Details of these comparisons are given in 
the Appendix 4.A (see Figure 4.A.3). While both FFs perform reasonably well, the DFT-
derived FF has a better overall result than the generic FF. In the rest of the chapter, 
therefore, we primarily present results calculated using the DFT-derived FF and use 
comparisons with results from the generic FFs to consider the sensitivity of our conclusions 
to details of the adsorbate-MOF FF.  
4.3 Results and Discussion 
We aim to understand whether the adsorption of a simulant molecule in a MOF is a 
good predictor of the adsorption properties of CWAs in the same MOF. We focus on the 
limit of dilute adsorption, since adsorbents are most likely to be challenged by low 
concentrations of CWAs if used in practice. In this limit, both the heat of adsorption and 
the Henry’s constant are useful indicators of adsorption affinity. The two quantities are 
strongly correlated, as can be seen in Figure 4.A.10. For this reason, we focused below on 
the heat of adsorption. 
Figure 4.2 represents an example of how we compared a CWA (Sarin) and a 
simulant (DMMP) to consider how well a simulant mimics a CWA’s adsorption properties. 
Figure 4.2a compares the heats of adsorption of Sarin with DMMP. We excluded MOFs 
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that have positive heat of adsorption for at least one adsorbate among CWAs and simulants, 
so this figure only includes 1544 of the MOFs we simulated. We used the same number of 
MOFs for all the calculations done for each adsorbate in this study. Unsurprisingly, the 
heats of adsorption for the two molecules are quite closely correlated. Fitting a linear model 
to this correlation (excluding materials with positive heats of adsorption) yields the red line 
shown in the Figure 4.2. Data points in this figure are color coded based on the largest 
cavity diameter (LCD) of the MOFs. Consistent with previous results for other 
adsorbates10, large pore MOFs are in general associated with less favorable heats of 
adsorption. The MOFs having the most favorable Eads for Sarin have pore limiting 
diameters in the range of 6-8 Å; pores smaller than 6 Å are too small to accommodate large 
molecules such as CWAs and simulants and pores larger than 8 Å are too large for 
molecules to have strong interaction with the frameworks. The information in Figure 4.2a 
compares the numerical values of the heat of adsorption for a simulant and a CWA. An 
alternative for selecting high performing materials is to rank the MOFs in order of their 
heat of adsorption for a given molecule. A simulant that generates a ranking of materials 
very similar to that for a CWA, even if the numerical values of the heats of adsorption were 
systematically different, would be very useful.  Figure 4.2b shows the correlation between 
the ranking based on heat of adsorption for DMMP and Sarin in the 1544 MOFs we 
simulated, with 0 in the percentage ranking indicating the MOF with the most favorable 
heat of adsorption.  For an ideal simulant all MOFs would lie in the diagonal boxes of 
Figure 4.2b.   
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Figure 4.2: (a) Comparison of heats of adsorption of DMMP and Sarin in 1544 MOFs 
using results from our DFT-derived FF. The red line shows a linear fit to the results. 
Individual data points are color coded by the MOF’s LCDs as shown in the color bar. (b) 
Correlation of MOFs percentage rankings of the 1544 MOFs when ordered by the 
calculated heats of adsorption of Sarin and DMMP, with the number of MOFs in each grid 
space indicated by the color bar on the right.  
 
Figure 4.3: Comparison of heats of adsorption of Sarin and (a) DCP, (b) DFP, (c) DMMP, 
and (d) DMNP, in 1544 MOFs using results from our DFT-derived FF. The red lines show 
linear fits to the results. Individual data points are color coded by the MOF’s LCDs as 
shown in the color bar. 
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Figure 4.4: Correlation of MOFs percentage rankings of the 1544 MOFs when ordered by 
the calculated heats of adsorption of Sarin and simulants using (a) DFT-derived FF, (b) 
generic-FF, with the number of MOFs in each grid space indicated by the color bar on the 
right.  
We have used these two approaches illustrated in Figure 4.2 to compare all four 
simulants (DCP, DFP, DMMP and DMNP) with Sarin and Soman. The results for Sarin 
are shown in Figure 4.3 and Figure 4.4.  Figure 4.3 shows that DMMP and DCP are the 
best simulants for the adsorption properties of Sarin, with R2 value of 0.89 and 0.88 
respectively. The correlation between DFP and Sarin is also strong (R2 = 0.81), but the 
behavior of DMNP is poorly correlated with Sarin. Similar comparisons using the generic 
FF are shown in Figure 4.A.4.  Figure 4.4 shows the correlations of MOF rankings 
correlations for Sarin with each simulants, including results from our DFT-derived FF 
(Figure 4.4a) and the generic FF (Figure 4.4b). The overall observations from the two FFs 
are quite similar, supporting the idea that the conclusions from these results are not highly 
sensitive to the FF. DCP and DMMP have the highest number of MOFs that have rankings 
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similar to Sarin. Again, DMNP is clearly the worst performing simulant for Sarin 
adsorption.  
It is arguably more important to know whether simulants are able to mimic Sarin’s 
adsorption properties for top performing materials than for the overall collection of MOFs 
in our simulations. Figure 4.A.6 replots the ranking data from Figure 4.4 by focusing on 
the top 20% of MOFs in the Sarin ranking, an approach that implicitly assume that top 
performing materials are those with the most favorable heat of adsorption. This group of 
materials leads to the same conclusions as already discussed for the complete set of MOFs; 
DMMP and DCP are the simulants better able to mimic Sarin’s adsorption properties 
followed by DFP and DMNP. All of these results indicate that in future work on adsorption 
of Sarin in MOFs and related materials, DCP and DMMP are useful simulants, DFP is 
somewhat less useful, and DMNP has little predictive power as a simulant. It should be 
noted that predictive power of a simulant over the real agent for adsorption might not 
extend to other processes such as diffusion and degradation. In a recent study, Sava Gallis 
et al. showed that DMNP is a highly suitable simulant to predict Sarin’s degradation in 
methanol.11 This example illustrates the necessity of considering the suitability of a 
simulant within the context of the specific chemical or physical process of interest. 
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Figure 4.5: Comparison of heats of adsorption of Soman and (a) DCP, (b) DFP, (c) 
DMMP, and (d) DMNP in 1544 MOFs using results from our DFT-derived FF. The red 
lines show linear fits to the results. Individual data points are color coded by the MOF’s 
LCDs as shown in the color bar. 
 
Figure 4.6: Correlation of MOFs percentage rankings of the 1544 MOFs when ordered by 
the calculated heats of adsorption of Soman and simulants using (a) DFT-derived FF, (b) 
generic-FF, with the number of MOFs in each grid space indicated by the color bar on the 
right. 
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Figure 4.5 and Figure 4.6 show comparisons for Soman with each simulant. A 
superficial comparison of the size and shape to Soman to each simulant suggests that 
DMNP might be a better simulant than DMMP, DCP or DFP. Soman is a larger molecule 
than DMMP, DCP and DFP but smaller than DMNP (see Figure 4.A.1). The results in 
Figure 4.5 and Figure 4.6 bear out this idea. The adsorption properties of DMMP, DCP 
and DFP are all poorly correlated with Soman, and none of these three species can reliably 
be used as simulants for Soman. Among the four simulants, DMNP most reliably predicts 
the adsorption properties of Soman, although the predictive quality of DMNP in not as 
strong as the best simulants for Sarin. These observations are consistent for both FFs that 
we used (see Figure 4.5, Figure 4.6 and Figure 4.A.5) and when attention is restricted to 
the top 20% of materials as ranked by the heat of adsorption (Figure 4.A.7).  These results 
suggest that it may be worthwhile seeking other molecules that can better mimic the 
adsorption properties of Soman, although considerable challenges may exist with 
establishing the safety of putative molecules of this kind. 
The discussion above has identified the “best” simulants for adsorption of Sarin 
and Soman from among the set of simulants we considered. To further illustrate the 
predictive quality of these simulants, Figure 4.7 shows the connection between rankings 
of MOFs using their heat of adsorption and the numerical value of the heat of adsorption. 
Similar comparisons for all simulants with both CWAs are provided in the Appendix 4.A 
(see Figure 4.A.8 and Figure 4.A.9). Figure 4.7a shows that DMMP systematically 
overestimates the absolute value of the heat of adsorption of Sarin, but the precision with 
which DMMP can predict the relative ranking of a pair of MOFs is considerable. Figure 
4.7b reinforces the comments above that the predictive power of DMNP as a simulant for 
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adsorption of Soman is less than ideal (although it is far more reliable than the other three 
simulants).  
 
Figure 4.7: MOF rankings of 1544 MOFs for (a) DMMP (blue) and Sarin (green) and (b) 
DMNP (blue) and Soman (green) when ordered by the heat of adsorption of Sarin and 
Soman, respectively. 
4.4 Summary 
There are obvious and compelling reasons why research on capture of CWAs by 
adsorption (or other processes) must rely on simulant molecules. In this chapter, we have 
performed the first systematic examination of the ability of simulant molecules 
(specifically, DMMP, DCP, DFP and DMNP) to predict the adsorption properties of Sarin 
or Soman. To this end, we simulated the adsorption of each molecule in a collection of 
2969 MOFs using molecular simulations in the limit of dilute adsorption. An important 
feature of these calculations is that we performed them independently with two separate 
force fields, a generic FF similar to that used in other screening studies of adsorption in 
MOFs and a DFT-derived FF that we developed based on extensive dispersion-corrected 
DFT calculations of CWA and simulant adsorption in UiO-66. We provided numerical 
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evidence that this DFT-derived FF is suitable for simulation of a wide range of other MOFs. 
More importantly, comparisons of results with these two FFs indicate that our main 
conclusions are insensitive to the specific details of the FF used to define adsorbate-MOF 
interactions.  
Our primary conclusion can be stated simply: DCP and DMMP are good simulants 
for adsorption of Sarin in MOFs and DMNP is the best available simulant for adsorption 
of Soman, although its predictive power is not high as for the best simulants of Sarin. The 
other simulants we examined have poor predictive power for Soman. These conclusions 
were based on how well simulants predict the heat of adsorption of each molecule in MOFs 
and the ranking of a MOF within the overall set of materials as determined by heat of 
adsorption. We demonstrated explicitly that the heat of adsorption is strongly correlated 
with the Henry’s constant. These conclusions, therefore, are most meaningful for situations 
in which the ability of an adsorbent to capture a CWA selectively when it is present at very 
low concentrations.  
There are of course a range of other physical properties that may be relevant to the 
performance of a MOF (or other adsorbent material) in applications involving CWAs. The 
overall capacity of a material for capturing a CWA may be important, in which case 
information about the overall adsorption isotherm of the molecule of interest is needed. 
Methods have been proposed recently that make predictions of complete isotherms using 
only information from physical properties of the adsorbent and the Henry’s constant of the 
adsorbing molecule29; this approach may be useful in considering large collections of 
materials for CWA capture. If materials are ranked solely on the basis of heat of adsorption 
(or Henry’s constant), the resulting materials tend to have pores similar in size to the 
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adsorbing molecules. This raises the possibility that the diffusion of molecules into the 
adsorbent may be too slow for the material to be used in a practical setting. It is very likely 
that the flexibility of the adsorbents pores in the presence of adsorbed species will be 
critical in predicting diffusion in these materials in a meaningful way. Predictive molecular 
simulation methods for this diffusion regime have been applied to the diffusion of a wide 
range of molecules in small pore MOFs,53,54 but no information is available at present 
applying these methods to CWAs or CWA simulants. While the properties just discussed 
can in principle be obtained from molecular simulations, there are also aspects of material 
durability, cost and so on that will also be critical in realistic settings.55 
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APPENDIX 4.A. SUPPORTING INFORMATION FOR CHAPTER 4 
 
Figure 4.A.1: Atomic representations of two CWAs and four simulants. Grey, red, orange, 
light blue, green, lemon colors corresponds to carbon, oxygen, phosphorus, nitrogen, 
chlorine and fluorine respectively. For clarity, hydrogen atoms are not shown.  
 
Figure 4.A.2: Comparison of heats of adsorption of CWAs and simulants calculated using 
DFT-derived FF and generic FF in 1544 MOFs. The red line shows a linear fit to the results. 
Individual data points are color coded by the MOF’s LCDs as shown in the color bar. 
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Figure 4.A.3: A parity plot between interaction energies calculated using classical force 
fields and ab-initio calculations using generic-FF (blue) and DFT-derived FF (red) for 3000 
configurations in five randomly selected MOFs (CADQOP, EKOPOK, NALYEG, 
NIGFUF and MEXJAC). 
 
Figure 4.A.4: Comparison of heats of adsorption of Sarin and simulants, (a) DCP, (b) DFP, 
(c) DMMP, and (d) DMNP, in 1544 MOFs using results from our generic FF. The red lines 
show linear fits to the results. Individual data points are color coded by the MOF’s LCDs 
as shown in the color bar. 
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Figure 4.A.5: Comparison of heats of adsorption of Soman and simulants, (a) DCP, (b) 
DFP, (c) DMMP, and (d) DMNP, in 1544 MOFs using results from our generic FF. The 
red lines show linear fits to the results. Individual data points are color coded by the MOF’s 




Figure 4.A.6: Correlation of MOFs percentage rankings of the top 20% MOFs when 
ordered by the calculated heats of adsorption of Sarin and (a) DCP, (b) DFP, (c) DMMP, 
and (d) DMNP, using the DFT-derived FF with the number of MOFs in each grid space 
indicated by the color bar on the right. 
 
Figure 4.A.7: Correlation of MOFs percentage rankings of the top 20% MOFs when 
ordered by the calculated heats of adsorption of Soman and (a) DCP, (b) DFP, (c) DMMP, 
and (d) DMNP, using our DFT-derived FF with the number of MOFs in each grid space 
indicated by the color bar on the right. 
 
 
Figure 4.A.8: MOF rankings of 1544 MOFs for Sarin (green) and (a) DCP (blue), (b) DFP 




Figure 4.A.9: MOF rankings of 1544 MOFs for Soman (green) and (a) DCP (blue), (b) 
DFP (blue), (c) DMMP (blue), and (d) DMNP (blue), when ordered by the heat of 
adsorption of Soman. 
 
Figure 4.A.10: Correlation between Henry coefficients and the heat of adsorptions for all 
adsorbates. Individual data points are color coded by the MOF’s LCDs as shown in the 
color bar.  
The plot shows that Henry coefficients and the heats of adsorptions are highly 
correlated adsorption properties for an adsorbate-adsorbent pair, so all the analysis 




Figure 4.A.11: Correlation matrix of heats of adsorption among all CWAs and simulants 
using DFT-derived FF. Correlation coefficients were calculated using ‘pearson’ method. 
For Sarin, the highest correlated molecules are DCP, DMMP, DFP and then DMNP 
in that order. For Soman, the closest molecules are DMNP, DFP, DMMP and then DCP in 
that order. All these results are consistent with our results described in the main manuscript.  
4.A.1 Details of the MOF database used in simulations 
We used the CoRE MOF database consisting of 2932 structures in our calculations.25 
This database has charges assigned to all structures that were calculated using DDEC 
methods.30 The structures of MIL-101,43 NU-1000,43 UiO-67,44 UiO-66 and its 
derivatives45 were also included because of prior reports on using these materials for 
capture of CWAs. MIL-101, NU-1000 and UiO-67 were geometrically optimized using 
DFT with the projector augmented wave (PAW)56 approach in the Vienna ab initio 
Simulation Package (VASP).57,58 using the PBE-D3 exchange correlation.51,59 Prior work 
by Nazarian et al.60 has shown that the geometric properties of MOF crystal structures are 
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insensitive to the choice of exchange correlation functional in DFT calculations.60 These 
calculations used a plane wave cutoff energy of 520 eV and the Brillouin zone was sampled 
using Monkhorst-Pack grid. A conjugate gradient method was used to optimize atomic 
positions until the forces on each atom were converged within 0.01 eV/atom.  
4.A.2 Force-field Details 
Table 4.A.1: Scaling coefficients derived from PBE-D3 calculations for our DFT-derived 
FF. Both scaling coefficients are dimensionless.  
Atom Type C1 (unitless) C2 (unitless) 
P_cwa 2.117 1.014 
O_sp2 1.668 0.849 
O_sp3 1.457 0.714 
F_cwa 1.147 0.934 
Cl_cwa 1.052 0.887 
CH3_dmmp 1.067 0.956 
 
Table 4.A.2: Non-bonded parameters of generic-FF (TraPPE) for CWAs and simulants 
Atom Type ε/kB (K) σ (Å) Charge (e)   
Sarin47,48 
P_cwa 86.0 4.0 1.4 
O_sp2 79.0 3.05 -0.77 
O_sp3 55.0 2.8 -0.63 
F_cwa 26.7 2.95 -0.34 
CH3_sp3 98.0 3.75 -0.1
a/-0.08b 
CH_sp3 10.0 4.33 0.62 
Soman47,48 
P_cwa 86.0 4.0 1.4 
O_sp2 79.0 3.05 -0.77 
O_sp3 55.0 2.8 -0.63 
F_cwa 26.7 2.95 -0.34 
CH3_sp3 98.0 3.75 -0.1
a/-0.08b/-0.15c 
CH_sp3 10.0 4.33 0.43 
C_sp3 0.6 6.4 0.54 
DMMP47,48 
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Table 4.A.2 continued… 
P_cwa 86.0 4.0 1.44 
O_sp2 79.0 3.05 -0.8 
O_sp3 55.0 2.8 -0.53 
CH3_sp3 98.0 3.75 -0.14
d/0.28e 
DCP47,48* 
P_cwa 86.0 4.0 1.93 
O_sp2 79.0 3.05 -0.93 
O_sp3 55.0 2.8 -0.875 
Cl_cwa 114.3 3.52 -0.13 
CH3_sp3 98.0 3.75 0.14 
CH2_sp3 46.0 3.95 0.30 
DFP47,48* 
P_cwa 86.0 4.0 2.1 
O_sp2 79.0 3.05 -0.93 
O_sp3 55.0 2.8 -0.88 
F_cwa 26.7 2.95 -0.55 
CH3_sp3 98.0 3.75 0.11 
CH_sp3 10.0 4.33 0.35 
DMNP47,48* 
P_cwa 86.0 4.0 2.25 
O_sp2 79.0 3.05 -0.945 
O_sp3 55.0 2.8 -0.86/-0.81f 
CH3_sp3 98.0 3.75 0.43 
C_aro 15.0 4.5 0.37g/0.1h 
CH_aro 48.0 3.74 0.18i/0.07j 
N 40.0 3.31 0.3 
O_NO2 / -N-
(O)[O] 
80.0 2.9 -0.41 
a[CH3]-P, b[CH3]-CH-O-P, c[CH3]-C-CH-O-P, d[CH3]-P(=O)-(OCH3)2, e[CH3]-O-P, fP-[O]-aro, gP-O-
[C_aro]-(CH_aro)-CH_aro, h[C_aro]-NO2, iP-O-C_aro-[CH_aro], j[CH_aro]-C_aro-NO2 
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CHAPTER 5. DETERMINING DIFFUSION COEFFICIENTS OF 
CHEMICAL WARFARE AGENTS IN MOFS 
5.1 Introduction 
In the last two decades, metal-organic frameworks (MOFs) have shown potential 
in gas storage, separations, catalysis, chemical sensing, drug delivery and other 
applications. MOFs are crystalline nanoporous materials that have high surface areas and 
structural tunability. One application that has received a great interest recently is using 
MOFs to capture and treat chemical warfare agents (CWAs).1,2 CWAs are man-made 
chemical substances that are extremely toxic. Many of these compounds affect the nervous 
system and are therefore are called nerve agents. Sarin is the most common example of a 
nerve agent. There have been multiple efforts to use MOFs for detoxification of CWAs.3–
12 Katz et al. studied Zr-based MOFs UiO-66, UiO-67 and their derivatives for CWA 
simulant degradation and concluded that amino-functionalized MOFs are more active 
catalysts than nonfunctionalized materials.11 Montoro et al. conducted a series of 
experiments on diisopropylfluorophosphonate (DFP), a simulant for sarin, to confirm the 
suitability of a Zn-based MOF [Zn4(µ4-O)-(µ4-4-carboxy-3.5-dimethyl-4-carboxy-
pyrazolato)3] to capture this molecule.
12 Wang et al.10 studied the Zr-based MOFs UiO-66, 
UiO-66-NH2 and NU-1000 to understand solid-phase decontamination of CWAs and 
concluded that solid-phase decontamination occurs very differently than solution-based 
approaches. Computational studies have contributed to understanding the degradation and 
adsorption of CWAs and their simulants in MOFs. Sava-Gallis et al.7 and Liu et al.13 used 
periodic density functional theory (DFT) to provide theoretical insights into catalytic 
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degradation of CWAs and simulants in MOFs. Matito-Martos4 used molecular simulations 
to screen a large library of MOFs (specifically, the CoRE MOF database14) for capture of 
CWAs under humid conditions and synthesized a promising sorbent. For obvious reasons 
most experimental studies use a simulant rather than active CWAs. In a previous study, we 
used molecular simulations to compare CWAs with their simulants to understand which 
simulants are most reliable for predicting adsorption properties of active CWAs in MOFs.15  
In many applications that can be envisioned for porous adsorbents in capture and 
treatment of CWAs it is not only the equilibrium capacity of adsorbents that is important 
but also the kinetics of the processes of interest. To make even approximate estimates of 
the kinetics of capture of a chemical species in an adsorbent, the diffusion coefficients of 
the species in the adsorbent must be known. Unfortunately, almost nothing is currently 
known about the diffusion behavior of CWAs or CWA simulants in porous adsorbents. 
Dubey et al.16 studied the diffusion of sulfur mustard through butyl and nitrile rubber 
membranes with a spot disk breakthrough experiment and interpreted the observed 
diffusion mechanism using an Arrhenius equation. There have been no studies, however, 
determining diffusivities of CWAs in MOFs. Also, no information exists comparing the 
diffusion properties of CWAs with their simulants to assess which simulants could better 
represent the kinetics of CWA diffusion in adsorbents. In this Letter, we use molecular 
simulations to predict the diffusion coefficients of CWAs and simulants in MOFs. 
Specifically, we focus on the diffusion of the nerve agent sarin and its simulants 
dimethylmethylphosphonate (DMMP), diethylchlorophosphate (DCP) and DFP in four 
MOFs: UiO-66, ZIF-8, Cu-BTC and MIL-47. These MOFs were selected to give a diverse 
range of pore sizes. The molecular structures of the four molecules we studied are shown 
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in Figure 5.A.1. This is first study to quantify the rate of diffusion of CWAs and simulants 
in MOFs. As such, our work has significant implications in designing chemical sensors to 
detect CWAs and devices to provide protection against exposure to CWAs. 
 
Figure 5.1: Structures of (a) MIL-47, (b) UiO-66, (c) ZIF-8, and (d) Cu-BTC with their 
pore sizes (shown as spheres) and windows connecting the pores. Reaction coordinate 
vectors for TST calculations are shown as dotted lines for UiO-66, ZIF-8 and Cu-BTC. 
5.2 Theory 
Several mathematically distinct diffusion coefficients exist to describe different 
aspects of molecular diffusion.16 In this work we consider only self-diffusion, which 
characterizes Brownian motion of individual molecules under equilibrium conditions. In 
the limit of low loading, which is relevant in many situations involving CWAs, the self-
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diffusivity is equal to the transport diffusivity, which characterizes the net flux of 
molecules in response to a concentration gradient.16 We used two different approaches to 
obtain molecular self-diffusion coefficients, depending on the magnitude of these 
diffusivities. When diffusion is sufficiently fast, self-diffusion can be measured directly 
from Molecular Dynamics (MD) trajectories using the mean square displacement (MSD):17  









where D is self-diffusivity, n is the dimensionality of diffusion in the system, r is the 
position of a molecule and t is time. We used this approach to calculate the diffusivity of 
sarin and simulants in MIL-47.  
 If diffusion is slow enough that the typical molecular displacements on nanosecond 
time scales are small, then the approach above is not suitable for giving meaningful results. 
In these cases we used dynamically corrected Transition State Theory (dcTST).18–20 The 






where λ is the distance between the sites and kA→B is the hopping rate. To apply TST, 
umbrella sampling21 can be used to explore the energy landscape of an adsorbate moving 
along a specific reaction coordinate (RC) between site A and  site B.  The hopping rate, 











where β = 1/kBT, m is the mass of an adsorbate, F(r) is the Helmholtz free energy profile 
along the RC and F* is the activation energy, taken as the maximum value of F(r). κ is a 
dynamical correction factor, which accounts for short-time recrossings of the transition 
state (TS).22,23 It is typically expected that κ is smaller than one, since short-time 
recrossings of the approximate transition state along the RC reduce the overall hopping 
rate. There are examples, however, where κ is greater than 1 to because of the existence of 
“correlated flights”, trajectories that pass through multiple sites before thermalization.24,25 
This observation is important below in our comparison between dcTST and MD results for 
high temperature sarin diffusion in Cu-BTC. 
 In many applications of TST in MOFs, sites A and B are symmetric and represent 
equivalent minimum energy positions, so kA→B and kB→A are the same. In this case, the self-
diffusivity can easily be calculated using equation (2). In our results below ZIF-8 is an 
example of this kind. In some cases, including Cu-BTC and UiO-66, the two sides of the 
TS are not symmetric. In this case, kA→B and kB→A are unequal and have to be calculated 
separately. A general approach for exactly defining self-diffusivities when hopping rates 
among a periodically repeated set of sites are known was given by Braun et al.26 For Cu-
BTC and UiO-66, which each have two inequivalent sites, this approach shows that 






)  (4)  
where DA→B is diffusion rate from site A to site B and DB→A is diffusion rate from site B to 
site A, both defined by equation (2). From equation (4), if DA→B << DB→A then Deff ~ 2DA→B. 
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5.3 Simulation Methods 
For our calculations, initial crystal structures for each MOF were obtained from the 
Cambridge Structural Database.27,28 Structures for sarin and CWA simulants were taken 
from our previous work.15 Figure 5.1 shows a structural representation for each MOF. The 
size of molecules and pore sizes of these MOFs are given in Table 5.A.1, Table 5.A.2 and 
Figure 5.A.2. Although numerous modeling studies of molecular diffusion in MOFs have 
been performed with rigid MOF structures for computational convenience, there is strong 
evidence that this approach does not give even qualitatively correct information when the 
diffusing molecule is similar in size to the pores of the material.18,29,30 We therefore used 
fully flexible models for each MOF we simulated. For our calculations, ZIF-8 force-fields 
(FFs) were adopted from Zhang et al.31, who parametrized their FF to reproduce pressure-
induced structural transitions in ZIF-8. FF parameters for MIL-47 were adopted from Yot 
et al.32, who showed this FF described the structural properties of MIL-47 under a variety 
of different pressures with reasonable accuracy. Cu-BTC was modeled using the FF of 
Zhao et al.33, which describes the crystal structure, negative thermal expansion and 
vibration properties of the framework. FF parameters for UiO-66 force-field parameters 
were taken Wu et al.,34 who refined parameters obtained from CVFF35 and UFF36 to study 
CO2 diffusion in UiO-66. To define the non-bonded and bonded parameters of adsorbates 
the TraPPE force-field37 was used. To define Coulombic interactions, point charges on 
atoms that are not defined in TraPPE were calculated using the charge equilibration (EQeq) 
method.38 Although defects can exist in MOFs either because of intrinsic imperfections or 
by deliberate design, our models only considered defect-free MOFs.39  
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All molecular dynamics (MD) simulations were carried out with the LAMMPS40 
software package. The calculations were carried out in periodic supercells of MOFs 
ensuring that size of the simulated cells was at least 26 Å in each direction. Non-bonded 
interactions between adsorbates and framework atoms were calculated using Lennard-
Jones (L-J) potential truncated at a spherical cutoff distance of 13 Å. Cross-terms for this 
potential were specified using Lorentz-Berthelot mixing rules with L-J parameters taken 
from the FFs described above. Ewald summation was used to compute long-range 
Coulombic interactions with a relative error in forces of < 10-6. In all cases, the overall 
systems were charge neutral. To calculate MSDs, MD calculations were carried out in 
LAMMPS in NVT ensemble for equilibration period of 0.5 ns and production period of 1 
- 5 ns with a time step of 1 fs. For each molecule, 10 different MD simulations are run and 
an order-n algorithm17 was used to calculate diffusion coefficients using equation (1). Each 
MD simulation was performed at low loadings where only one molecule was present in the 
simulation volume (8 unit cells for each MOF). 
For TST calculations, umbrella sampling calculations were performed using 
collective variable package41 in LAMMPS with umbrella spacing of 0.1 Å along the 
reaction coordinate (RC). During an umbrella sampling simulation, an adsorbate was 
constrained in a region orthogonal to the RC by a spring centered at a specified value of 
the RC. Spring constants ranging from 150-200 kcal mol-1 Å-1 were applied on the 
adsorbate where a stiffer spring was applied to molecules with higher molecular weight. 
For each umbrella, a 1000 ps equilibration was performed followed by 1000 ps production 
period. The weighted histogram analysis method was used to integrate sampling of all 
umbrellas into a free energy curve.42 Dynamical correction factors (κ) were calculated as 
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described in previous work.18,19 After determining the position of transition state (TS) using 
umbrella sampling, a set of configurations were generated by constraining the molecule in 
the plane of TS orthogonal to RC with a tight spring constant of 1000 kcal mol-1 Å-1. A set 
of trajectories starting from these configurations were then simulated for the molecule with 
no constraints on the molecule, with all atoms initially assigned randomized velocities 
following the Maxwell-Boltzmann distribution. Each trajectory was run for 10 ps forward 
and 10 ps backward in time. 2000 trajectories for each molecule were recorded to allow 
calculations of dynamical correction factor. A modified approach was used to account for 
the potential contribution of correlated flights24,25 in the calculation of dynamical correction 
factor. The end point of each trajectory was used to decide not only which side of the TS 
molecule ended, but also whether the molecule jumped through more than one cage. When 
correlated flights were detected, this information was included in the definition of the 
dynamical correction factor. For MOFs that have different cage structures on both side of 
TS (UiO-66 and Cu-BTC), dynamical correction factor was separately calculated in both 
directions and the overall self-diffusion coefficient was calculated using equation (4). 
5.4 Results and Discussion 
We first describe the diffusion of sarin and simulants in MIL-47, a MOF with one 
dimensional non-intersecting channels (pore size = 7.9 Å) as shown in Figure 5.1a. The 
pores of MIL-47 are considerably larger than the molecules we considered (see Table 
5.A.1), so the diffusion coefficients were calculated using standard MD simulations. 
Figure 5.2 shows the resulting MSDs of each molecule at 300 K using 100 ps time intervals 
for block averages in the order-n algorithm. Average displacements of 10-50 Å are 
observed, indicating that diffusion is fast enough to be readily treated with MD. MSDs of 
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individual MD runs for sarin are shown in Figure 5.A.3. Diffusion coefficients were found 
to be approximately independent of the time-intervals used for block averaging (see Figure 
5.A.4), which validates the convergence of these results. Similar calculations were 
performed at 400 and 500 K. The computed diffusion coefficients at three different 
temperatures allowed us to estimate the activation energy for diffusion by assuming a 
simple Arrhenius form, D = D0*exp(-EA/RT) (see Figure 5.A.5). The calculated diffusion 
coefficients and activation energies in MIL-47 are summarized in Table 5.1. The room 
temperature diffusivity of sarin in MIL-47 was calculated to be 8.3×10-5 cm2/s. 
 
Figure 5.2: MSDs with error bars calculated as described in the text for sarin, DMMP, 
DCP and DFP in MIL-47 at 300 K. Error bars are only shown for selected time points but 
were similar for all points. Simulations for DMMP and sarin were run for 1 ns, while DCP 
and DFP for 2 ns.  
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Table 5.1: Diffusion coefficients of sarin and simulants in MIL-47 at different 
temperatures. 
 Sarin DMMP DCP DFP 
D300 K (cm
2/s)  2.2×10-5 4.1×10-5 1.7×10-6 5.6×10-7 
D400 K (cm
2/s)  4.7×10-5 8.4×10-5 6.3×10-6 2.2×10-6 
D500 K (cm
2/s)  8.3×10-5 1.2×10-4 1.2×10-5 8.1×10-6 
 EA (kJ/mol) 8.2 6.4 12.3 16.3 
ZIF-8 is a zeolitic imidazole-based MOF with large cavities (11.2 Å) 
interconnected by narrow windows (3.4 Å) as shown in Figure 5.1c. Several studies have 
shown that molecules considerably larger than 3.4 Å are able to diffuse through the ZIF-8 
due to its flexibility.18,19 For example, Han et al.19 used dcTST to simulate diffusion of 
molecules such as i-butane (kinetic diameter 4.8 Å) in ZIF-8 and calculated its diffusion 
coefficient to be 2.7×10-16 cm2/s. Sarin and simulants are comparable in size to i-butane. 
This suggested that MD would not be sufficient to calculate diffusivities of these molecules 
in ZIF-8. For this reason we applied dcTST method as described above. As shown in 
Figure 5.1c, the reaction coordinate for diffusion in ZIF-8 connects equivalent cage sites 
through a 3.4 Å window. The distance between the centers of these cages is 14.7 Å.   The 
computed activation energies, dynamical correction factors and diffusivities of sarin, 
DMMP, DCP and DFP in ZIF-8 at room temperature are shown in Table 5.2. Sarin and 
DMMP have similar diffusivities of ~10-14 cm2/s while DCP has a much lower diffusivity 
of 8.73×10-16. The diffusivity of DCP is comparable to that of i-butane reported by Han et 
al.19 A surprising observation from Table 5.2 is that DFP has a diffusivity higher than sarin 
despite its larger size than sarin. We observed that DFP caused larger distortion in the 
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window of ZIF-8 connecting the cages compared to other molecules (see Figure 5.A.7). 
Because these window distortions are crucial to hopping of all of the molecules we 
considered, the larger window distortions for DFP appear to allow more rapid hopping than 
for sarin. 
Table 5.2: Activation energies, dynamical correction factor (DCF) and diffusivities of 
sarin and simulants in ZIF-8 at 300 K. 
Molecule Activation energy, kJ/mol DCF Diffusivity, cm2/s 
Sarin 66.0 0.85 5.44×10-14 
DMMP 64.7 0.89 4.81×10-14 
DCP 72.5 0.45 8.73×10-16 
DFP 54.7 0.31 1.15×10-12 
Table 5.3: Activation energies, dynamical correction factors (DCF) and diffusivities of 





DCFU2-U1 D, cm2/s 
Sarin 53.2 0.024 37.4 0.027 4.3×10-13 
DMMP 45.8 0.038 56.1 0.032 1.6×10-13 
DCP 74.7 0.013 28.9 0.03 3.2×10-17 
DFP 76.3 0.008 35.2 0.017 1.2×10-17 
UiO-66 is a MOF made up of BDC linkers with Zr metal-centers. It has two 
different kind of pores denoted as cage U1 (the primary pore) and U2 (the secondary pore) 
in Figure 5.1b. Each primary pore is connected to secondary pore through a window of 
diameter 4.5 Å. The window size is comparable to sarin, so we used dcTST to study 
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diffusion in UiO-66. As shown in Figure 5.1b, the distance between cage U1 and cage U2 
is approximately 9.1 Å. Figure 5.1b shows that cage U2 is tetrahedral, so different vectors 
define the reaction coordinates from cage U1 to cage U2 and from cage U2 to cage U1’. We 
applied dcTST to obtain free energy profiles from cage U1 to cage U2 and applied symmetry 
operations to define the remainder of the free energy profile for net diffusion. The free 
energy profiles calculated for sarin and simulants are shown in Figure 5.A.8. The free 
energy of DMMP has its minimum energy position in the secondary cage (U2) while the 
other molecules have their energy minimum in the primary cage (U1). DMMP is the 
smallest molecule we simulated, which appears to explain why it fits favorably into the 
smaller secondary cage. DCP and DFP, which are both larger than sarin, have strongly 
unfavorable free energies in the secondary cage relative to the primary cage. The activation 
energy and DCF for each type of cage to cage hop in UiO-66 were calculated separately 
and diffusion coefficients are calculated using equation (4). These results and the overall 
diffusivities for sarin, DMMP, DCP and DFP in UiO-66 are shown in Table 5.3. DMMP 
and sarin have similar diffusivities that are approximately four orders of magnitude higher 
than both DCP and DFP. The diffusivities of DMMP and sarin in UiO-66 are higher than 
in ZIF-8 but the diffusivities of DCP and DFP in UiO-66 are lower than in ZIF-8. This 
suggests that ZIF-8 is more flexible than UiO-66 because the diffusivity in UiO-66 drops 
more significantly for molecules that have kinetic diameters larger than window size. 
Cu-BTC (also known as HKUST-1) is a MOF consisting of BDC linkers with Cu 
metal centers. It has three different kinds of cages (C1, C2 and C3) as shown in Figure 5.1. 
Cage C2 is connected to both C1 and C3 through windows of size 6.7 Å and 3.6 Å 
respectively while cage C1 and C3 are not connected with each other. We use dcTST 
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simulations with umbrella sampling to study diffusion in Cu-BTC. The length of the vector 
between the centers of cages C1 and C2 is approximately 13.1 Å. Free energy profiles 
generated from simulations for sarin and simulants in Cu-BTC at 300 K are shown in 
Figure 5.A.9. Cage C1, which is smaller than cage C2 but larger than cage C3, defines the 
minimum energy position for all four molecules. We did not perform dcTST calculations 
for hopping from cage C2 to cage C3, assuming that this rate is very low because of the 
small window connecting these two cages. To validate this approach, we calculated the 
average energy of sarin at the center of cages C1, C2 and C3, obtaining values of -34.3, -
18.9 and -3.1 kJ/mol. The energy difference between C1 and C2 are similar to what dcTST 
calculations predicted (see Table 5.4 and Figure 5.A.9). This unfavorable energy of cage 
C3 strongly suggests that because net diffusion can occur via only cages C1 and C2, overall 
diffusion in Cu-BTC is dominated by this process. This assumption if further supported by 
Figure 5.A.11, which shows the coordinates of sarin in Cu-BTC during a 10 ns MD 
trajectory at 500 K. Sarin is seen to not enter cage C3 during this MD simulation. If the 
hopping rate into cage C3 is non-zero but far smaller than the hopping rates between cages 
C1 and C2 then the net diffusivity can be accurately calculated assuming that the former 






Table 5.4: Activation energies, DCFs and diffusivities of sarin and simulants in Cu-BTC 





DCFC2-C1 D, cm2/s 
Sarin 30.3 1.21 17.3 1.15 5.4×10-8 
DMMP 33.8 1.32 23.1 1.31 1.3×10-8 
DCP 45.9 0.87 20.3 0.82 1.7×10-10 
DFP 50.6 0.81 16.4 0.86 1.4×10-11 
 
Figure 5.3: (a) Free energy profile, (b) averaged MSD using the order-n method with error 
bars for sarin in Cu-BTC at 500 K 
Table 5.4 shows the cage to cage activation energies, DCFs and overall diffusivities 
of sarin and simulants in Cu-BTC at 300 K. Like the other MOFs we considered, sarin and 
DMMP have diffusivities of the same order of magnitude in Cu-BTC which are larger than 
DCP and DFP. The dynamical correction factors for sarin and DMMP are larger than 1 
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because of the existence of “correlated flights”, trajectories that pass through multiple sites 
before thermalization.24,25 The correlated flights in Cu-BTC are more easily observed in 
the trajectories of sarin obtained from MD calculations at elevated temperatures. Sample 
data of this kind at 500 K is shown in Figure 5.A.10. We observed that the diffusivity of 
sarin in CuBTC was fast enough to be directly computed from MD at elevated 
temperatures, which gave us a convenient way to examine the consistency between our 
MD and dcTST calculations. The free energy profile of sarin in Cu-BTC calculated using 
umbrella sampling at 500 K is shown in Figure 5.3a. The activation energy at 500 K is 
30.7 kJ/mol, very similar to the value calculated at 300 K of 30.3 kJ/mol. This supports the 
use of the activation energies in Tables 2-4 over a wide range of temperatures. The DCF 
calculated for sarin at 500 K was calculated to be 3.2, higher than the DCF calculated at 
300 K because correlated flights are longer in displacement and more frequent at the higher 
temperature. The diffusion coefficient calculated using dcTST at 500 K was 2.3×10-7 cm2/s 
while from direct MD simulations we obtained a diffusivity of 6.7×10-7 cm2/s. The 
averaged MSD of sarin obtained from MD using the order-n method is shown in Figure 
5.3b. We attribute the ‘elbow’ in the MSD plot to be a statistical fluctuation associated 
with the limited number of trajectories available for averaging, not a physical effect.  
Although there is a difference between two diffusivities calculated using dcTST and MSD, 
it is very small relative to the variation seen between MOFs in the results above, where the 
computed diffusivities vary by multiple orders of magnitude. It is clear, therefore, that the 
two simulation methods give results that are consistent for the purposes of comparing 
diverse MOFs in terms of molecular diffusivities. 
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Because there is no prior experimental or modeling work on diffusion of CWAs in 
MOFs we cannot directly compare our results with experiments or other simulations. We 
can, however, compare our results to the diffusivities of other molecules in MIL-47. A 
previous experimental study43 reported the diffusivity of methane in MIL-47 at 300 K to 
be 2×10-4 cm2/s, 9 times higher than our result for sarin. Another experimental report44 
gave the diffusivity of neo-pentane in MIL-47 at 300 K to be 6.7×10-6 cm2/s, 3.3 times 
smaller than our result for sarin. These results are in qualitative agreement with predictions 
from Knudsen diffusion calculated for each molecule in MIL-47 (see Table 5.A.3). 
Skoulidas et al.45 showed that diffusivities in large pore MOFs can be predicted with 
reasonable accuracy with Knudsen diffusion. MIL-47 as has large non-intersecting one 
dimensional pores that are considerably larger than the diffusing molecules, so Knudsen 
diffusion is a plausible, albeit simplistic, description. In ZIF-8, UiO-66 and Cu-BTC, 
however, a description based on Knudsen diffusion is inappropriate because molecular 
diffusion is dominated by hopping over substantial free energy barriers. Predictions based 
on Knudsen diffusion in these materials are larger than our results from MD by four orders 
of magnitude or more (see Table 5.A.3). 
Table 5.5: Characteristic time for diffusion of sarin and simulants across 1 micron in 
different MOFs at room temperature, with all times seconds.  
Adsorbate MIL-47 Cu-BTC ZIF-8 UiO-66 
Sarin 2.4×10-4 2.2×10-2 9.2×104 1.2×104 
DMMP 1.2×10-4 5.0×10-2 1.0×105 3.1×104 
DCP 2.9×10-3 29 5.7×106 1.6×108 
DFP 1.4×10-2 1.8×102 4.3×103 4.2×108 
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It can sometimes be difficult to intuitively understand diffusion coefficients that 
vary as widely as the results we have shown above. To give another view of these results, 
we compared the amount of time each molecule requires to diffuse a distance of one micron 
in each MOF. This is a useful characteristic distance in thinking about capture or 
detoxification of CWAs in MOF particles or films. These diffusion times are listed (in 
seconds) in Table 5.5. Sarin can diffuse one micron in MIL-47 or Cu-BTC in far less than 
one second, but the same time scale for sarin diffusion in UiO-66 and ZIF-8 is 3.3 hours 
and more than 25 hours, respectively. This indicates that only particles much smaller than 
micron dimensions would be suitable for uptake of sarin in small pore materials like UiO-
66 and ZIF-8 if rapid uptake kinetics are required. The situation is even more challenging 
for the CWA simulants we considered. The characteristic diffusion times for DMMP in 
UiO-66 and ZIF-8 are 9 and 28 hours, respectively, values that are quite similar to sarin. 
For DCP and DFP, however, the characteristic times are far longer. DCP, for example, has 
a characteristic diffusion time of more than 40,000 hours in UiO-66 and 1500 hours in ZIF-
8. This implies that DCP and DFP cannot be used as meaningful simulants for sarin in 
small pore MOFs, even though the adsorption properties of these species might be 
relatively similar.15  Table 5.5 shows that DMMP is consistently the most similar in 
diffusivity to sarin for every MOF we considered. In our previous study15 comparing 
adsorption properties of sarin with several simulants we concluded that DMMP was the 
best simulant to predict sarin’s adsorption properties in MOFs. Taken together, our results 
suggest that DMMP is a much better simulant than DCP or DFP for understanding the 
adsorption and diffusion in nanoporous materials. We caution that this conclusion does not 
imply that DMMP is also the best simulant for other CWAs; the strong sensitivity of 
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molecular diffusivities in materials with pore sizes similar to those of the adsorbed 
molecules mean that appropriate care must be taken in selecting a simulant for each CWA 
of interest in any application where uptake kinetics could influence observed outcomes.  
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APPENDIX 5.A. SUPPORTING INFORMATION FOR CHAPTER 5 
 
Figure 5.A.1: Atomic representations of sarin and three simulants. Grey, red, orange, dark 
green, and light green colors corresponds to carbon, oxygen, phosphorus, chlorine and 
fluorine respectively. For clarity, hydrogen atoms are not shown.  
Table 5.A.1: Size of Sarin and simulants 
Molecule Length, Å Width, Å 
Sarin 5.5 4.4 
DMMP 5.0 4.2 
DCP 7.5 4.6 
DFP 8.0 4.8 
Methane46 3.8 3.8 
Neopentane46 6.2 6.2 
Table 5.A.2: Pore apertures of selected MOFs 








MIL-4747 - - - 7.9 
UiO-6648 11.0 7.2 - 4.5 
Cu-BTC49 12.7 10.7 5.5 6.7, 3.6 
ZIF-850 11.2 - - 3.4 
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Table 5.A.3: Molecular weight of sarin, DMMP, DCP, DFP, methane and neopentane and 
their Knudsen diffusivities in MOFs at 300 K 
Molecule Molecular 
weight 
MOF DKA, cm2/s 
a 
DMD, cm2/s DKA / DMD 
Sarin 140.09 MIL-47 5.61×10-4 2.2×10
-5
 25.5 
DMMP 124.07 MIL-47 5.96×10-4 4.1×10
-5
 14.5 
DCP 172.55 MIL-47 5.05×10-4 1.7×10
-6
 297 
DFP 184.15 MIL-47 4.89×10-4 5.6×10
-7
 873 
Methane46 16.04 MIL-47 1.66×10-3 2×10
-4
 8.3 
Neopentane46 72.15 MIL-47 7.82×10-4 6.7×10
-6
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’ MA = molecular weight of A 
 
Figure 5.A.2: Pore size distribution of MOFs calculated using probe radius of 1.4 Å in 




Figure 5.A.3: MSDs with time for sarin in MIL-47 obtained from 10 different simulations 
at 300 K 
 
Figure 5.A.4: Diffusion coefficients of sarin in MIL-47 at different temperatures using 
different time-intervals in the order-n algorithm 
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Figure 5.A.6: Free energy profiles of (a) sarin, (b) DMMP, (c) DCP, and (d) DFP in ZIF-
8 calculated using TST at 300 K. 
 
Figure 5.A.7: Cross-sectional window size perpendicular to the reaction coordinate at each 
point in the umbrella sampling for empty structure and during diffusion of sarin and 
simulants. At each point along the reaction coordinate, the perpendicular distance from the 
nearest atom was calculated and window size at that point was calculated after subtracting 
the vdw radius of atoms involved. The value at zero represents the window size at the 




Figure 5.A.8: Free energy profiles of (a) sarin, (b) DMMP, (c) DCP, and (d) DFP in UiO-
66 calculated using TST at 300 K. 
 
Figure 5.A.9: Free energy profiles of (a) sarin, (b) DMMP, (c) DCP, and (d) DFP in Cu-




Figure 5.A.10: MSD traces of individual sarin molecules in Cu-BTC at 500 K.  
 
Figure 5.A.11: Distribution of a single sarin molecule during MD simulation in Cu-BTC 
for 10 ns at 500 K. Each blue point represents the coordinate of the phosphorous atom of 
sarin during the trajectory.   
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CHAPTER 6. ASSESSING THE FREQUENCY OF REPLICATE 
MATERIALS SYNTHESIS BY LITERATURE META-ANALYSISe 
6.1 Introduction 
Replicability is a core concept in the scientific method. At a fundamental level, 
accepting an experimentally-derived observation as factual implies that carefully repeating 
the experiments under the same conditions would yield the same outcome. From an applied 
point of view, developing a new material for a practical application cannot occur unless the 
material’s properties are routinely repeatable. Systematic studies in fields including social 
psychology and biomedicine have raised concerns about repeatability of published 
studies.1–5  
Although recommendations for improving repeatability in research have been 
developed6–9, it is not clear if they apply in a simple way to all fields. Before attempting to 
form recommendations appropriate for materials chemistry, or to decide if they are even 
needed, it is valuable to gather quantitative data related to experimental replicability. Mark 
Twain reputedly said “Everyone talks about the weather, but no-one does anything about 
it.” The situation for repeatability in materials chemistry may be similar. Any experienced 
investigator can share “war stories” of days (or weeks or more) spent in futile efforts to 
repeat reported experiments. Moving beyond this anecdotal level, however, requires a more 
systematic approach. 
                                                 
e The data for this chapter was collected with help from Dr. Rebecca Han in Dr. Sholl’s research group as 
well as undergraduate researchers Dinushka Herath at the Georgia Institute of Technology  
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The most powerful way to examine repeatability is to systematically repeat 
experiments.7,10 An obvious disadvantage of this approach is that is requires substantial 
resources. A less obvious disadvantage is that reporting results that contradict an earlier 
study is fraught with challenges. An alternative is to find repeated experiments that have 
already been performed via literature meta-analysis. In areas of great topical interest, it is 
not unusual for multiple investigators to study the same or similar materials, even though 
none of these efforts are performed specifically to study repeatability.  
Park et al.11 used literature meta-analysis to assess repeatability of CO2 adsorption 
in metal-organic frameworks (MOFs). This work was only possible because of extensive 
work at NIST to exhaustively collate reported adsorption isotherms from the open 
literature.12 Although thousands of papers related to CO2 adsorption exist, Park et al.
11 only 
found a small number of isotherms for which multiple independent experiments have been 
reported. Among all isotherms of this kind, ~20% were identified as outliers, that is, as 
inconsistent with other available measurements.  
Focusing literature meta-analysis on a highly specific property (e.g. CO2 uptake) 
may underestimate what can be learned from published data about how repeatable 
synthesis of a material is. It is possible, for example, that a series of reports of different but 
related properties of a single material give useful information regarding the material’s 
reproducibility. This observation motivates the key question addressed in this chapter: after 
a new material or molecule is synthesized for the first time, how often is the synthesis 
repeated? Below, we describe a simple power law model for the distribution of repeat 
syntheses of materials, then compare this model to data from the synthesis of a particular 
class of materials, MOFs. In addition to studying a large number of example materials from 
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the literature, we examine the six most widely studied MOFs to comment on the 
replicability of their material properties. 
6.2 A Power Law Model for Repeat Synthesis of Materials 
For a well-defined class of materials or chemicals, we define ( )n  as the fraction 
of materials whose synthesis has been independently reported exactly n times. We 
hypothesize that this quantity follows a power law: 
( )n fn              (6.1) 
Power laws have been found to describe a wide range of phenomena, including the word 
distributions in many languages, the size of cities, wealth distributions and the number of 
citations received by academic papers.13 Eq. (6.1) is a hypothesis, not a result we are 
attempting to derive or infer from prior reasoning. An interesting property of Eq. (6.1) is 







           (6.2) 
This implies that ( ) 1/ f    , where  is the Riemann zeta function. Thus, if f is 
estimated or measured, the power law in Eq. (6.1) is fully specified. This is helpful because 
f has a simple physical interpretation: it is the fraction of materials than have been 
synthesized exactly once. Said differently, f is the fraction of materials that have been 
reported but have never been synthesized again. To give an example of the connection 
between f and   in Eq. (6.1), if f = 0.5 (i.e. 50% of materials are only synthesized once), 
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then   = 1.729 and Eq. (6.1) implies that the probability that a randomly chosen material 
has been synthesized in 5 independent reports is 0.031.  
Using the parameter f in Eq. (6.1) focuses attention on materials that have only been 
synthesized once. There are multiple reasons that synthesis of a material might not be 
repeated in later reports. At one extreme, it may be that repeat syntheses have been 
attempted but have failed and that these experiments have not been reported. Another 
situation that is perhaps more common is that no-one has attempted a repeat synthesis 
because the first report indicated the material is not “useful” for some reason or simply 
because of lack of interest. Whatever the root cause, if a material has only been synthesized 
once then no conclusions can be drawn about the repeatability of any of the material’s 
properties. 
Another quantity of interest is the number of times that the most repeated material 
has been synthesized, which we denote maxN . Assuming that only one material has been 
synthesized maxN times, Eq. (6.1) gives a simple expression for the total number of 
materials, totalN :  
max /totalN N f
     (6.3) 
For example, if f = 0.5 and the most popular material has been synthesized 100 times then 
the power law predicts that the total number of materials in the group described by the 
power law is 5741. 
158 
Testing whether an observed data set can be described by a power law is a nontrivial 
issue. We use the principled statistical framework recommended by Clauset et al.13, which 
uses a Kolmogorov-Smirnov (KS) test to quantify the distance between cumulative 
distributions of empirical data and a power-law model. In this approach, a power law is 
fitted to the observed experimental data and then a large number of synthetic datasets 
corresponding to this power law are generated. The distance, D, between a datasets and a 
power law model is defined by  
D =  max
1≤i≤N
(F*(ni)-S(ni))  (6.4) 
where F*(n) is the cumulative value of the fitted power-law and S(n) is the cumulative 
value of an empirical dataset. Before D is calculated for any synthetic dataset, a power-law 
model is fitted to that dataset. The KS statistic is calculated for each dataset relative to its 
own model. In this way the same calculations are performed for each synthetic dataset as 
for experimental data. The p-value of the power law is defined as the fraction of synthetic 
data sets that D larger than the experimental data. Clauset et al.13 recommended that the 
hypothesis of a power-law distribution be rejected if the p-value is less than 0.1.  
6.3 Assessing Repeat Synthesis of MOFs Using Literature Meta-Analysis 
To determine if Eq. (6.1) has any validity, we studied the synthesis of MOFs. MOFs 
have several characteristics that are typical of topical areas in materials chemistry: 
thousands or tens of thousands of distinct materials can be made14,15, their physical 
properties create potential applications in multiple different areas, and the potential of 
creating intellectual property and academic prestige creates strong incentives to introduce 
new materials. Intense interest in these materials has led to thousands of publications, 
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dedicated conferences and so on. Because MOFs are crystalline, the concept of 
synthesizing a new material can be concisely defined as reporting the crystal structure of a 
previously unknown material. Crucially for our purposes, systematic efforts have been 
made to catalog the MOFs that have been reported.14,15 We focused on materials from the 
CoRE MOF database15, a collection of >4700 crystal structures from experimental reports.  
For this study, we selected 130 materials (~2.7% of the total) from the CoRE MOF 
database as listed in Table 6.A.1. To select these MOFs, we first listed all materials that 
were first published between 2007 and 2013 and excluded examples in which the original 
report described more than one CoRE MOF structure. This choice simplified the following 
literature meta-analysis. The 130 MOFs we analyze below were randomly selected from 
the resulting list. In cases where the original paper identified an isoreticular family of 
structures but only a single material was entered into the CoRE MOF database, we looked 
for citations that re-synthesized any variant reported by the original paper. Restricting our 
choice to materials reported before 2014 means that opportunities to resynthesize each 
material have existed for at least 5 years. We examined every paper listed by Google 
Scholar as citing one of the original reports. Citation statistics for these papers are shown 
in Error! Reference source not found.. The original papers had been cited between 8 and 
168 times, with an average of 34 citations. The correlation coefficient between the year of 
publication and the number of citations for these papers is 0.027, so these two quantities 
are not correlated (see Figure 6.A.1).  
Some of the citing papers we examined described synthesis of variations of the 
original materials, for example, with different metal centers or different linkers. Here, 
however, we focus on direct replication in which the original and later syntheses produced 
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the same material. We did not attempt to assess whether any of these syntheses were 
“successful” or “correct”: if a paper states that a specific material was synthesized then we 
counted this synthesis in our analysis. In addition to counting repeat syntheses, it is 
interesting to consider who reports each repeat synthesis. If a citing paper and the original 
paper included one or more common authors, we labeled a repeat synthesis as coming from 
the original research group. 
 
Figure 6.1: Fraction of MOFs whose synthesis has been reported exactly n times among 
the group of 130 MOFs described in the text. Blue (red) symbols show results for all reports 
(results when only re-synthesis by authors distinct from the original paper are counted). 
The solid curve shows the power law described in the text with f = 0.8846. 
The repeat syntheses of the 130 MOFs we considered is described in Table 6.A.1. 
Only one material was synthesized more than 3 times: a Zn-based MOF first produced by 
An et al. with structure code SAPBIW16 (common name: Bio-MOF-100) has been 
synthesized 7 times, including two instances by groups distinct from the original authors. 
7 of the 130 MOFs have been re-synthesized by a group distinct from the original authors, 
and 15 of the MOFs have been synthesized (and reported) more than once by anyone. In 
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the notation above, f = 115/130 = 0.8846, so if Eq. (6.1) applies then α = 3.46. Among the 
four original papers that have received the most citations (corresponding to the materials 
SAPBIW,16 MUVJIX,17 XUNGUJ18 and IJOMOJ0619), three materials have been 
synthesized more than once but in one case we did not find any reports of repeat synthesis. 
 
Figure 6.2: An ensemble of 9 examples of synthetic data generated using the fitted power 
law. The black line shows the power law from which these datasets are generated. 
Figure 6.1 compares the power law with f = 0.8846 to the data from our literature 
meta-analysis. There is some discrepancy between the model and the data for n = 7, but 
because our data came from 130 materials, accurately resolving values of ( )n  < 0.01 is 
difficult. To support this argument, Figure 6.2 shows an ensemble of 9 synthetic datasets 
generated from the power-law shown in Figure 6.1 compared with the model. We 
performed a goodness-of-fit test with the KS statistic using 1000 such synthetic datasets 
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generated from the power law. This gave a p-value of 0.82, considerably higher than the 
threshold of 0.1 suggested by Clauset et al.13 Using 10,000 synthetic data sets gave a p-
value of 0.81. A statistical test of this kind cannot prove that the underlying data comes 
from a power law, but we can conclude that the observed data is not inconsistent with 
power law behavior. 
If only repeat syntheses by groups distinct from the original authors are considered, a power 
a power law with f = 0.9461 and α = 4.45. Only two of the 130 materials we examined had 
been resynthesized more than once by this metric (see  
Table 6.A.4). We are not arguing that repeat synthesis by the original authors 
should be devalued; reports of this kind are surely valuable. Nevertheless, looking at our 
data in this way highlights the low frequency with which materials synthesis has been 
repeated by investigators separate from those involved in the original discovery of a 
material. 
The discussion above focuses on direct replicates, that is, work that reports the synthesis 
synthesis of exactly the same material as a previous report. We also found many examples 
of modified synthesis in which a new material is made based upon a previously reported 
material. We examined all papers that cited the original reports of the 130 materials and 
defined each paper as reporting a modified synthesis if a crystal structure with a different 
stoichiometry than the original materials or a crystal polymorph was synthesized but no 
data was given describing (re)synthesis of the original material. Each paper was classified 
as either replicating the original material or reporting a modified synthesis of a new 
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material or neither of these options. The numbers of modified syntheses for all 130 
materials are given in Table 6.A.1 and  
 
Table 6.A.5. The prevalence of modified synthesis is very different from direct 
replication; for 65% of the 130 MOFs we studied modified synthesis was reported at least 
once. Moreover, 51% of the materials have been synthesized with modifications at least 
once by a research group distinct from the authors of the original report. It seems likely 
that in many studies that created a modified material the authors also repeated the synthesis 
of an original material as part of their work. If this supposition is correct, there are many 
replications of MOF synthesis that have been performed in laboratories around the world 
but not reported in the literature. This points to an simple idea that would greatly enhance 
the materials chemistry community’s ability to assess (and enhance) data reproducibility: 
when an experiment from a previous report is repeated, the outcome should be reported 
even when this replication was a precursor to the main aim of work that being published.      
6.4 Replicability of most synthesized MOFs in the literature 
A sensible objection to the analysis above is that the random sampling of materials 
used above is unlikely to include any of the small number of MOFs that have received the 
most attention. We used other methods to identify these materials. Specifically, we ranked 
materials by their frequency of appearance in the NIST Adsorption Database12,  by the 
frequency of their mention in the abstracts of a recent international conference dedicated 
to MOFs, and by the number of citations received by the original literature report for each 
MOF in common between these two rankings (see Table 6.A.6). These three approaches 
gave consistent results, and we selected UiO-66(Zr)20, ZIF-8(Zn)21, HKUST-1(Cu)22 (also 
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known as Cu-BTC or MOF-199), MIL-101(Cr)23, IRMOF-1(Zn)24 (also known as MOF-
5) and MOF-177(Zn)25 for further analysis. For each of these materials, 500 papers that 
cited the original synthesis report were randomly selected from all citing papers. These 
3000 papers were examined in the same way as described above for the materials selected 
from the CoRE MOF database. The total number of repeat syntheses that have been 
reported was estimated by scaling the number of replicates found among these 500 reports 
by the total number of citations a material had received (see Table 6.A.7). With this 
approach, we estimate that the number of times the synthesis of these materials has been 
reported in the literature varies from 61 (MOF-177) to almost 1000 (Cu-BTC) and that four 
of the materials (Cu-BTC, UiO-66, ZIF-8, and MIL-101(Cr)) have been synthesized in 
more than 700 reports.  
The existence of MOFs that have been replicated hundreds of times is inconsistent 
with the power law shown in Figure 6.1 being valid for large values of n. We noted above 
that Eq. (6.1) immediately predicts the total number of different materials that have been 
synthesized, Ntotal, if the number of reported syntheses for the most replicated material, 
Nmax, is known. If we take Nmax to be 1000 (the value estimated for Cu-BTC to one 
significant digit), the power law implies that Ntotal = 2.7×10
10. Even using a much lower 
estimate of Nmax = 100, which is lower than the estimated values for five of the six materials 
in Table 6.A.7, gives Ntotal = 9.4×10
6. The CoRE MOF database and related collections of 
MOF materials14,15 clearly demonstrate that tens of thousands of distinct MOFs have been 
made, but not even the most optimistic proponents of the versatility of these materials 
would claim that millions or billions of different materials have been made. For 
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comparison, it has been estimated that worldwide, around 6×105 new chemical species per 
year are reported.26 
Anecdotal descriptions of power law distributions often invoke the Pareto effect 
(also known as the 80/20 rule or the Matthew effect). In the context of Eq. (6.1), these 
effects would predict that a small handful of materials would receive a significant majority 
of all replications. The analysis in Table 6.A.7, however, indicates a more extreme 
situation in which a very small number of materials account for almost all reported 
replications. If we assume that the actual value of Ntotal for MOFs is 20,000, a reasonable 
estimate based on efforts to catalog these materials14,15, and that Eq. (6.1) is only valid for 
n = 1-10, then Eq. (6.1) predicts that there are ~3600 reported replicate syntheses. Our 
independent estimates for the six most studied materials in Table 6.A.7 indicate that ~3600 
replicate syntheses of these materials alone have been reported. With these estimates, 
0.03% of known MOFs account for ~50% of all replications that have been reported. 
The discussion above leads to our tentative conclusion regarding the frequency with 
which the synthesis of MOFs has been replicated and reported: for most materials this 
frequency approximately follows a power law, but a small number of “supermaterials” 
exist that have been replicated many times more than most materials. It would be 
interesting to know whether similar observations apply to other classes of materials. The 
description we have just given seems consistent with common perceptions of how research 
in the materials chemistry community is pursued, but without quantitative analysis of other 
materials classes extending our conclusions to all materials would be speculative. 
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It is natural to ask what factors lead to a new material becoming what we have 
described as a “supermaterial”. We cannot offer a definitive answer, and it is likely that 
issues of timing and the sociology of scientific culture are important. Nevertheless, looking 
at common factors among the six materials listed in Table 6.A.7 is interesting. All of these 
materials can be synthesized using chemicals that are readily available commercially, and 
all but one (MOF-177), involve only chemicals that are cheap. This suggests that at least 
in the MOF research community, materials in which chemical synthesis of component 
chemicals is required before materials synthesis from these components are unlikely to be 
supermaterials. Our list indicates that it is not necessary to work at an institution at the top 
of international prestige rankings to discover a supermaterial; most of the materials in 
Table 6.A.7 came from institutions that are not “household names” outside their local 
setting.  
All of the results above have examined whether replicate syntheses of MOFs exist 
but not what can be deduced about reproducibility from these replicates. For the materials 
shown in Figure 6.1 it is challenging to discuss reproducibility because the small number 
of replicates that have been reported did not always report the same quantitative properties 
as the original synthesis report.27 Among the materials listed in Table 6.A.7, however, 
there are many replicate measurements of MOF surface areas, a quantity that can readily 
compared between experiments. We focus below on the BET surface area, since well-
established protocols exist for measuring and interpreting the data for this quantity.28  The 
BET surface area is strongly correlated with the pore volume, another commonly reported 
property (see Figure 6.A.2). Figure 6.3 shows the reported BET surface areas for the six 
MOFs listed above. Among the 528 replicate syntheses listed in Table 6.A.7, 355 reported 
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BET surface areas. The figure also shows the surface area predicted computationally using 
a defect-free crystal structure using the Zeo++ software with a probe radius size of 1.8 Å 
to represent N2 adsorption.
29  
In Figure 6.3, HKUST-1 and IRMOF-1 show bimodal distributions of surface area 
observations. These materials are known to be highly sensitive to moisture30, so it is likely 
that this variation is related to differences in materials handling and history among the 
replicate experiments. UiO-66, ZIF-8 and MIL-101(Cr) are known to be relatively stable 
towards moisture30 and they show less variation in surface area among replicates. It is 
notable that for each material there are examples for which the surface area is much smaller 
than the theoretical value and examples for which the surface area is larger. In addition to 
materials degradation, incomplete removal of solvent from materials can lead to reduced 
surface areas.31,32 The presence of local defects in MOFs can lead to higher surface areas 
than in an ideal.33–36 It is therefore not surprising that each material in Figure 6.3 shows a 
range of observed surface areas. This data suggests, however, that there are systematic 
variations in the materials properties among many replicate syntheses of these materials, 
implying that efforts to understand the phenomena that lead to these variations and more 
precisely describe the materials that are made would be useful. Careful comparison of the 
precise synthesis conditions and experimental details among many replicates would be 
helpful to begin to address these issues, but this is beyond the scope of our current work.  
Because activation of MOFs can be a non-trivial issue,37,38 it is conceivable that 
measured surface areas might improve over time as techniques for activating specific 
materials are improved. To see if there is evidence for this effect, we show in Figure 6.4 
the observed surface areas for each material as a function of years elapsed since their 
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original synthesis. The same data using the actual date of each report of synthesis is shown 
in Figure 6.A.3. These data offers no support for the idea that the measured surface areas 
systematically improve over time during many replicate measurements. An caveat in 
considering this data is that unlike efforts to make high precision measurements of physical 
constants,38 the measurement of surface area in the majority of these reports is not the 
central aim of the work, instead it is a characterization technique used in support of some 
other scientific goal.  
 
Figure 6.3: Histograms of experimentally reported BET surface areas for (a) UiO-66, (b) 
ZIF-8, (c) HKUST-1, (d) MIL-101(Cr), (e) IRMOF-1 and (f) MOF-177. The number of 
reported surface areas (N) for each material is indicated in each figure. Blue text and 




Figure 6.4: Variation in BET surface areas of resynthesized MOFs from the year of their 
original synthesis 
6.5 Summary 
We have collected data on how often the synthesis of new materials is replicated 
by analyzing the > 4,300 papers that cite the original reports of 130 MOFs that were first 
made between 2007 and 2013. Among these materials, less than 12% have been replicated 
in a published report, and less than 6% have been replicated by a group of authors distinct 
from those of the original paper. The synthesis of one of these materials has been reported 
more than three times; for every other material less information than this is available in 
published reports. We showed that that the frequency of replications for these 130 materials 
can be described with a simple power law model. This power law model, however, does 
not appear to describe the most frequently replicated MOFs in the literature. We identified 
six MOFs that could be described as “supermaterials” in the sense that they have been far 
more frequently than a power law model would predict. The synthesis of these materials 
has been replicated hundreds of times, an observation that creates opportunities to consider 
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factors underlying experimental reproducibility and variability that cannot be assessed for 
materials that have only been synthesized a few times.  
Although replicate syntheses have been reported for only a small fraction of the 
130 materials we studied, we found many instances where later work produced modified 
versions of these materials. These modified materials have a different chemical 
composition or crystal structure from the original material. For 65% of the 130 materials, 
a modified synthesis has been reported without any information being provided about 
replicate synthesis of the original material. It may be that in many of these studies, a 
replicate synthesis of the original material was performed but the authors chose not to 
report the results. If this is correct, this practice means that many opportunities for the 
scientific community to learn about the repeatability of materials synthesis are being 
missed.  
Our study focused on MOFs, in part because the existence of curated libraries of 
these materials made it possible to select materials to analyze in an unbiased way. We do 
not know of any similar analysis for other classes of materials, so any discussion of how 
directly our findings will extend to other materials is speculative. Our methods, however, 
could readily be applied to other areas within materials chemistry. We hope that the work 




APPENDIX 6.A. SUPPORTING INFORMATION FOR CHAPTER 6 
Table 6.A.1: Year of publication, reference code, number of citations, number of exact 
syntheses by same and new authors, and number of modified syntheses by same and new 
authors, of all 130 materials from CoRE MOF database 












2007 CETGOY39 49 0 0 0 0 
2007 DIXHIC40 15 0 0 0 0 
2007 GIQZIQ41 21 0 0 1 1 
2007 HEXNII42 20 0 0 1 2 
2007 HOMZEP43 54 0 0 0 4 
2007 IJOMOJ0619 77 0 0 7 10 
2007 KIFJIT44 32 0 0 0 0 
2007 PIKBUH45 27 0 0 0 0 
2007 RIPTAM46 26 0 0 0 0 
2007 SINXET47 19 0 0 0 0 
2007 TICPOL48 19 0 0 0 1 
2007 TIRLIQ49 17 0 0 0 0 
2007 TISGUY50 48 0 0 1 0 
2007 TIVYAZ0151 41 0 0 1 1 
2007 XUBJAF0252 8 1 0 0 0 
2008 AFOYOK53 53 0 0 4 2 
2008 COMFAM54 32 0 0 0 1 
2008 GOGSIF55 13 0 0 4 1 
2008 KOLWEO56 52 0 0 0 0 
2008 KONCIA57 44 0 0 0 1 
2008 LOPZAS58 24 0 0 0 0 
2008 MOGNAY59 14 0 0 0 1 
2008 NOHFOG60 31 0 0 2 1 
2008 RIWSUM61 27 0 0 0 0 
2008 SODZIV62 19 0 0 0 0 
2008 TOKDON63 44 0 0 0 1 
2008 UFOFIF64 22 1 0 0 1 
2008 WOCJII65 21 0 0 4 0 
2008 XOJWEZ66 47 0 0 0 0 
2008 YOMBAE67 15 0 0 0 1 
2009 COXFOL68 29 0 0 0 1 
2009 CUGVUW69 22 0 0 0 1 
2009 GIYSAJ0270 47 0 0 0 1 
2009 GUKZAO71 37 0 0 0 0 
2009 LUKLIN72 55 0 0 0 5 
172 
Table 6.A.1 continued… 
2009 MUNPAN73 28 0 0 0 0 
2009 OHAZAZ74 44 0 0 0 5 
2009 OHOLIH75 15 0 0 0 0 
2009 QUFFED76 53 0 0 1 3 
2009 QUTYOU77 42 0 0 1 0 
2009 RUCGOM78 17 0 0 7 0 
2009 UHISOU79 49 2 0 1 1 
2009 VACFUB0180 16 0 0 0 4 
2010 CESYEF0181 17 0 0 0 1 
2010 CURBOH82 25 0 0 0 1 
2010 DUQSEO83 54 0 0 0 3 
2010 EKARUE84 15 0 0 0 0 
2010 GURZID85 12 0 0 0 1 
2010 ILITUT86 46 0 0 0 1 
2010 LUPYAX87 52 0 0 0 0 
2010 MACHIJ88 27 0 1 0 0 
2010 MUTVUT89 40 0 0 0 0 
2010 MUVJIX17 104 1 0 3 8 
2010 NUZCER90 43 0 0 0 0 
2010 OSOYUR91 46 0 0 0 1 
2010 OWIZAW92 30 0 0 0 0 
2010 QUQGAL93 46 0 1 1 1 
2010 QUQGEP94 27 0 0 1 0 
2010 RUSSAA95 13 0 0 0 2 
2010 RUTBUE96 16 0 0 4 0 
2010 RUVKOJ97 14 0 0 1 0 
2010 UKUBUY98 33 0 0 0 1 
2010 VAGKOF99 47 0 0 1 0 
2010 XUNGUJ18 86 1 0 2 5 
2010 XUYXAR100 32 0 0 1 4 
2011 ANEPIT101 51 0 0 1 0 
2011 AXUBOL102 43 0 0 1 5 
2011 EBUREA103 26 0 0 0 0 
2011 EMITUQ104 26 0 0 0 0 
2011 EPOXAJ105 46 0 0 1 2 
2011 EZOXEX106 23 0 0 0 0 
2011 HAWREE107 55 0 1 0 2 
2011 IBUYAH108 22 0 0 1 1 
2011 IJEXUR109 31 0 0 0 0 
2011 IYICUP110 20 0 0 2 0 
2011 IZUMUM111 35 2 0 2 4 
2011 NALYEG112 28 0 0 1 0 
2011 OCIZIL113 53 0 0 0 2 
2011 OVEXOD114 42 0 0 0 1 
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Table 6.A.1 continued… 
2011 OVIWIA115 48 0 0 2 1 
2011 OXUPUT116 26 0 0 4 0 
2011 OYUJUO117 22 0 0 0 0 
2011 PAMHIW118 14 0 0 0 2 
2011 RAHNOF119 54 0 0 1 1 
2011 REGYOT120 50 0 0 1 2 
2011 UBOGAV121 46 0 0 6 2 
2011 UVEVUN122 59 0 0 0 0 
2011 UVINAP123 45 0 0 0 1 
2011 UXUYUI124 54 0 0 1 3 
2011 UZIJUJ125 14 0 0 0 0 
2012 ADODAA126 45 0 0 0 6 
2012 BAXSIE127 51 0 0 2 0 
2012 FAJYAS128 13 0 0 1 2 
2012 FAQVEA129 34 0 0 1 0 
2012 FATLUJ130 57 0 0 0 0 
2012 GEDLIM131 18 1 0 3 0 
2012 HARNAR132 18 0 0 0 0 
2012 HEBJAB133 55 0 0 0 3 
2012 HEBKEG134 28 0 0 1 1 
2012 HEKTAU135 45 0 0 0 3 
2012 KEQJEX136 46 0 1 0 2 
2012 LASMAV137 22 0 0 0 0 
2012 LECGIL138 29 0 0 0 0 
2012 MEFHUC139 27 0 0 0 3 
2012 NAYXOC140 29 2 0 1 2 
2012 NEFTOJ141 11 0 0 0 3 
2012 PEMRIK142 64 0 0 0 0 
2012 QEGNOH143 33 0 1 0 0 
2012 SAKNOJ144 31 0 0 0 0 
2012 SAPBIW16 168 5 2 4 5 
2012 SESKUY145 22 0 0 0 2 
2012 VEPDEB146 15 0 0 0 0 
2012 WIFGOJ147 47 0 0 0 0 
2012 ZEDZAL148 30 0 2 0 5 
2013 BETZOR149 18 0 0 0 0 
2013 DEYLUQ150 29 0 0 0 0 
2013 DEYNIG151 23 0 0 0 0 
2013 FEZREJ152 15 0 0 0 0 
2013 GINDEO153 20 0 0 2 0 
2013 LELMEW154 16 0 0 0 0 
2013 NIMWUD155 22 0 0 3 0 
2013 PETWOC156 63 0 0 2 3 
2013 QEWDON157 23 0 0 1 0 
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Table 6.A.1 continued… 
2013 RIDGIW158 37 0 0 0 0 
2013 SEQTEP159 28 0 0 1 2 
2013 SETDUS160 18 0 0 0 0 
2013 SEVLEM161 25 0 0 1 1 
2013 VICYUD162 20 0 0 0 2 
2013 VIDPIJ163 20 0 0 0 0 
2013 ZETMOC164 50 0 0 1 2 
 
 
Table 6.A.2: Breakdown from 2007 to 2013 of the number of original papers, total number 
of citations, and average citations per paper for the 130 MOFs investigated (citation 





Total Number of 
Citations 
Avg Citations per 
Paper per Year 
2007 15 473 32 
2008 15 458 31 
2009 13 454 35 
2010 22 825 38 
2011 25 933 37 
2012 24 938 39 








Table 6.A.3: Observations of repeat syntheses of 130 MOFs originally reported from 
2007-2013 
n Repeat synthesis by 
any group 





































1 115 MOFs from set 
in Table S1 
121 MOFs from set 
in Table S1 
123 MOFs from set 
in Table S1 
 
Table 6.A.4: Power-law models for exact repeat syntheses of 130 MOFs 
n # of MOFs exactly 
synthesized by any 
group 




# of MOFs exactly 
synthesized by 
different groups 
1 115 121 123 
2 10 5 5 
3 4 3 2 
4+ 1 (n=7) 1 (n=5) 0 





Table 6.A.5: Modified syntheses of 130 MOFs 
n # of MOFs 
modified 
synthesized by any 
group 









1 46 64 82 
2 27 29 28 
3 18 16 8 





Table 6.A.6: Most studied MOFs, their frequency in NIST database and the number of 
citations received by their original literature report 










05.1148 4401 334 
3 MIL-101 
10.1126/science.111627
5 3286 85 
4 ZIF-8 
10.1073/pnas.06024391
03 3275 157 
5 ZIF-7 
10.1073/pnas.06024391
03 3275 43 
6 ZIF-4 
10.1073/pnas.06024391
03 3273 2 
7 MOF-177 10.1038/nature02311 2516 60 
8 UiO-66 10.1021/ja8057953 2420 53 
9 Zn-MOF-74 10.1021/ja045123o 1798 26 
10 COF-102 
10.1126/science.113991
5 1376 23 
11 MIL-53(Cr) 10.1021/ja0276974 1316 44 
12 MCM-41 
10.1016/0927-
6513(93)80058-3 1200 20 
13 NU-100x 10.1038/nchem.834 1124 3 
14 [Zn(bdc)(ted)0.5] 
10.1002/anie.20046071
2 1033 8 
15 MIL-47 10.1002/1521-3773 861 30 
16 PCN-14 10.1021/ja0771639 756 15 
17 MIL-100(Cr) 
10.1002/ange.20046059
2 611 15 
18 MIL-100(Fe) 10.1039/B704325B 524 25 
19 UMCM-1 
10.1002/anie.20070502
0 426 16 
20 MOF-74-Ni 10.1039/B515434K 372 24 
21 
Mg-MOF-74 / 
CPO-27-Mg 10.1002/ejic.200701284 200 51 
22 NU-1000 10.1021/ja4050828 390 3 
23 MOF-808 10.1021/ja500330a 710 1 
24 MIL-125-NH2 10.1021/ja903726m 510 1 
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Table 6.A.7: Citation details of six MOFs selected as described in the main text, counts of replicate syntheses and linker costs. Linker 
costs were obtained from commercial suppliers (e.g. SigmaAldrich).  
MOF Total citations 
of the original 
papera 
Exact repeated 






of the MOF 
Linker Commercial 
Cost 
Institute of original 
synthesis 
UiO-6620 2535 147 745 BDC $0.3/g University of Oslo, 
Norway 
ZIF-821 3356 115 772 Imidazole $0.25/g University of 
California Los Angeles 
Cu-BTC22 4536 110 998 BTC $1.2/g Hong Kong University 
of Science and Tech 
MIL-101(Cr)23 3355 118 792 BDC $0.3/g Institut Lavoisier, 
CNRS 
IRMOF-124 5661 26 295 BDC $0.3/g University of Michigan 
MOF-17725 2552 12 61 H3BTB $267/g University of Michigan 




Figure 6.A.1: Citation analysis of all papers performed on Jan 15th 2019 (a) total citations 
of each paper with the year of publication, (b) histogram of citation counts of all original 





Figure 6.A.2: Correlation between pore volume and BET surface area of syntheses 
reported in literature for six famous MOFs 
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CHAPTER 7. CONCLUSIONS 
7.1 Dissertation Impact 
Adsorptive separation of chemical mixtures using nanoporous materials have 
shown promise as an energy efficient alternative to traditional methods. MOFs are 
relatively new materials that have exceptional porosity and wide range of chemical 
functionality. Due to their high degree of tunability, thousands of MOFs have been 
synthesized.1,2 Molecular simulations to study adsorption in MOFs have proven to be 
useful to reduce the efforts needed to identify material compositions of interest for a 
particular application. The overall objective of this thesis has been to use computational 
methods to accurately study adsorption of complex adsorbates in MOFs.  
Chapter 2 and chapter 3 focused on studying the effects of flexibility in MOFs on 
their adsorption properties. Most computational studies to date assume that the structure of 
MOF is rigid during simulations even though these frameworks can show various kinds of 
flexibility. In chapter 2, we accounted for the flexibility with ΔV=0 in MOFs in our 
simulations to assess the impact of their ubiquitous form of flexibility on molecular 
adsorption. The results showed that while the flexibility with ΔV=0 has a small effect on 
single component adsorption at non-dilute loadings in most MOFs, it has significant effects 
on single component adsorption at dilute loadings and multicomponent adsorption at both 
dilute and non-dilute loadings in many MOFs. Single component adsorption at dilute 
loadings (Henry constants) were the most affected by the flexibility. For all adsorption 
properties, the effects of flexibility were the highest for MOFs that have pore diameters 
comparable to an adsorbate’s kinetic diameter. We also found that the effect of flexibility 
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at dilute loadings is not strongly correlated with the effect at non-dilute loadings, so 
separate studies need to be done for separation loading conditions. In chapter 3, we studied 
the effect of flexibility with ΔV≠0 in MIL-53 on the adsorption of xylene isomers and 
concluded that in this example even the single component adsorption at non-dilute loading 
is influenced significantly by framework flexibility. It was also observed that that MIL-53s 
with different metal-centers are differently affected by the framework flexibility.  
Chapter 4 and chapter 5 explore the adsorption and diffusion properties of chemical 
warfare agents (CWAs) and their simulants in MOFs. In chapter 4, we performed a detailed 
comparison between CWAs and their simulants based on their adsorption properties in 
MOFs to study how accurately simulants are able to mimic the real agent’s properties. We 
found that DMMP and DCP are able to predict sarin’s adsorption properties in MOFs with 
reasonable accuracy while DMNP is the closest simulant to soman. The accuracy of generic 
force-fields is not known for these complex molecules, so a new force-field was derived 
using quantum mechanical calculations. This allowed us to conclude that the results are 
not sensitive to the force-field used in the calculations. In capturing and treatment of CWAs 
using MOFs, it is not only equilibrium capacity that is important but also kinetics of the 
process of interest. Diffusion coefficients must be known to estimate kinetics of CWAs 
capture even at an approximate level. In chapter 5, we determined room temperature 
diffusion coefficients of CWAs and their simulants using molecular simulations in several 
prototypical MOFs. We observed that sarin can diffuse 1 micron in MIL-47 or Cu-BTC in 
less than a millisecond but the same time scale in UiO-66 and ZIF-8 is 3.3 hours and 25 
hours, respectively. We also compared the diffusion properties of sarin with several 
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simulants and concluded that DMMP has diffusion coefficients closest to sarin consistently 
in all MOFs studied.  
In chapter 6, we used literature meta-analysis to gather quantitative data regarding 
replicability of MOF synthesis research. We selected 130 papers that reported new 
materials from the CoRE MOF database and went through the citations of each of the 130 
papers to determine how frequently these original materials have been re-synthesized. We 
observed that approximately 88% of the materials reported has not been re-synthesized. 
Our data suggested that a simple power law could describe the frequency of repeat 
syntheses for many MOFs but that a small number of “supermaterials” exist that have been 
replicated many times more than a power law would predict. Our results also hint that there 
are many repeat syntheses that have been performed but never reported in the literature, 
which suggests simple steps that could be taken to greatly increase the number of reports 
of replicate experiments in materials chemistry.  
7.2 Suggested Directions for Future Work 
There are several interesting future directions in which the work in this thesis can 
be extended to. Some of them are summarized below: 
7.2.1 Developing computational efficient methods to study the flexibility effects in 
MOFs  
We have established that flexibility in MOFs can affect adsorption properties in a 
significant number of MOFs. However, the study of flexibility in a MOF requires a 
physically accurate bonded force-field to perform MD simulations to get the snapshots of 
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the flexible structure, which is not always available. Finding a methodology to generate 
flexible snapshots of a MOF without using MD simulations would make these kinds of 
studies much faster. A method that identifies patterns in the atomic displacements in MOFs 
and similar materials due to flexibility and uses statistical methods to generate plausible 
snapshots could become an efficient way to study flexibility in these systems. It would be 
useful to combine work of this kind with recent efforts to describe adsorption of diverse 
set of molecules in large collection of nanoporous materials.3,4  
7.2.2 Finding the best material for CWAs capture and degradation 
There have been studies that aim to find the best material among CoRE MOF 
database to capture CWAs based on adsorption properties at dilute loadings.5 However, as 
discussed in chapter 5, it is not only the thermodynamic properties such as adsorption but 
also kinetic properties of the system that play a significant role in real-world processes. 
The next natural step of our work is to perform calculations in which thermodynamics and 
kinetics of CWAs capture in MOFs are quantified and the process parameters are 
determined based on the rate limiting step. For degradation of CWAs in MOFs, combining 
all steps of the catalysis, namely diffusion inside nanopores, adsorption, reaction and 
desorption, should all be considered in developing practical device for dealing with CWAs.  
7.2.3 Literature meta-analysis for materials chemistry 
The last part of this thesis opens up several new directions to assess and improve 
the replicability of materials synthesis and their properties in chemistry. We performed a 
literature meta-analysis on replicability of MOFs syntheses and used a simple power law 
to predict the frequency of the replicate syntheses. It will be very interesting to know if 
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these observations applicable to other classes of materials. A natural extension from the 
MOFs we have studied would be zeolites, a class of materials of considerable industrial 
importance. The methods we have used are quite general, so their use is not restricted to 
porous materials. As the application of ‘big data’ approaches within materials chemistry 
proliferates, developing insight into the reliability of the underlying data will continue to 
have value. 
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